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Abstract 
 
Salmonella enterica is an important global health burden. Although primarily transmitted via food, 
Salmonella is also frequently transmitted via non-food sources. Investigation of environmentally 
transmitted Salmonella requires the application of a One Health approach where human, animal and 
environmental health are integrated. S. enterica serovar Wangata is a frequently isolated yet poorly 
described serotype in humans in New South Wales (NSW), Australia, that is likely being transmitted 
from an environmental reservoir. To date, routine follow up of notified cases by public health 
authorities have so far failed to identify a common source. This thesis aimed to investigate S. Wangata 
using a One Health approach.  
 
As a first step, data from humans, food, domestic animals and wildlife were collated and compared to 
establish an overview of the diversity of Salmonella serotypes across a range of sources in NSW. A 
framework for categorising samples from multiple origins was developed. An investigation into 
notified human cases of S. Wangata was then conducted from November 2016 to April 2017 in the 
north east of NSW where the highest incidence of cases occurs. Identified cases were interviewed and 
samples were collected from cases’ home environment. In addition, samples were collected from 
wildlife in rehabilitative care in the same geographic area. Whole genome sequencing was 
subsequently used to determine the phylogeny and detailed characteristics of S. Wangata. In addition, 
to explore if S. Wangata was associated with landscape risk factors, a conditional autoregressive 
analysis was performed on human surveillance data from between 1 January 2001 and 31 December 
2015. The risk factors associated with S. Wangata were also compared to risk factors associated with 
the predominantly foodborne serotype, S. Typhimurium.  
 
It was found that Salmonella data from non-human sources were lacking. While foodborne 
transmission (in particular S. Typhimurium) was evidently a major source of human salmonellosis, 
environmental transmission warranted further investigation. Putative risk factors for infection with S. 
Wangata were identified and isolates of S. Wangata were recovered from household environment and 
a variety of wildlife samples. Genomic analysis revealed that isolates of S. Wangata were highly clonal, 
supporting the hypothesis that S. Wangata is transmitted via an environmental source. It was also 
found that all S. Wangata isolates harbour antimicrobial resistance genes. The strong association 
between S. Wangata and environmental reservoirs was again supported by the spatial analysis, 
however it was unclear if there was a specific wildlife reservoir. This study also revealed that 
 iii 
transmission of S. Typhimurium may additionally have spatial risk factors unrelated to foodborne 
transmission.  
 
This thesis presents the most detailed understanding of S. Wangata epidemiology to date. All the 
investigations in this thesis were underpinned by the integration of human, animal and environmental 
health and demonstrate the benefits of using a One Health approach in the investigation of 
environmental Salmonella. 
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Chapter one. Introduction  
1.1. Introduction 
One Health is the concept that human, animal and ecosystem health are intrinsically linked and must 
be incorporated to achieve optimal health outcomes for all (Davis et al. 2017). While the concept itself 
is not new, the terms ‘One Medicine’ and ‘One Health’ have been attributed to Schwabe and Karesh 
in 1984 and 2004, respectively (Schwabe 1984; Karesh and Vora 2010; Gibbs 2014). The practice of 
integrating human and animal health extends back to the late 19th and early 20th centuries (Monath, 
Kahn and Kaplan 2010). Rudolf Virchow, a renowned physician, is often referred to as the founder of 
the fields of comparative and veterinary pathology and coined the term ‘zoonoses’. Similarly, Daniel 
E. Salmon, a veterinarian and the namesake of the bacterium, Salmonella – the focus of this thesis –  
was known for hiring physicians to research animal diseases (Monath, Kahn and Kaplan 2010).  
 
Zoonoses are infectious diseases that can be transmitted between humans and animals and make up 
a large proportion of important human and animal diseases (Jones et al. 2008). Investigation of 
zoonotic disease should include specialists from all disciplines relevant to the disease and hosts (Davis 
et al. 2017). Indeed, utilising a One Health approach for control and surveillance of zoonotic disease 
has the potential to generate large economic and public health benefits (Babo Martins, Rushton and 
Stärk 2015). However, as knowledge within disciplines has increased, experts have become more 
specialised. This has led to human and animal surveillance becoming more siloed and communication 
and inclusion of all relevant perspectives is not standard practice (Vrbova et al. 2010).  
 
Salmonella enterica provides an excellent example of the need for a One Health approach. Non-
typhoidal Salmonella is responsible for the largest global disease burden of any foodborne pathogen 
(World Health Organisation 2015). An increasing body of evidence suggests Salmonella is also 
frequently transmitted from non-food sources (Bloomfield et al. 2017; Handeland et al. 2002; Staff et 
al. 2012; Williams et al. 2016). Infections in humans have been associated with contact with infected 
animals or environments (Staff et al. 2012; Aiken, Lane and Adak 2010; Williams et al. 2015). Similarly, 
animals have also been documented to contract Salmonella after exposure to a contaminated source, 
often of human origin (Iveson et al. 2009; Martinez-Urtaza and Liebana 2005). These non-food sources 
present a complex transmission web and further highlight the need to embrace a One Health 
approach, considering a variety of potential hosts and transmission routes as well as engaging with a 
range of relevant disciplines. 
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A key to the persistence of Salmonella is its wide host range, strong environmental survival capabilities 
and variety of disease outcomes including an asymptomatic carrier state (Rabsch et al. 2015; 
Nicholson, Groves and Chambers 2005; Langridge, Wain and Nair 2012; Sanderson et al. 2013). 
Environmental serotypes introduce a layer of complexity as the environment itself must be considered 
as a source of transmission. Characteristics of certain environments can influence the survival of 
Salmonella (Brennan et al. 2014; García et al. 2010; Strawn et al. 2013) and the presence of some 
environments may be predictive of an increased risk of human and animal infection (Parsons, Bull and 
Gordon 2015; Strawn et al. 2013). It is reasonable to hypothesise that the location of cases of 
environmental serotypes may be driven more by landscape features compared to foodborne 
serotypes, however this has not yet been investigated. Being able to differentiate between 
environmental and foodborne serotypes upon this basis could help inform targeted control strategies.  
 
A One Health approach to Salmonella surveillance and control has proved effective in reducing the 
rate of infections in other countries. Many European countries, for example, have recognised the role 
of the animal host in the transmission of foodborne salmonellosis, and have developed surveillance 
and control systems to address the livestock reservoir (Lane et al. 2014; Wegener et al. 2003; Maijala 
et al. 2005). Implementation of these systems has successfully led to the reduction of salmonellosis in 
both humans and animals (Maijala et al. 2005; Lane et al. 2014). The advent of whole genome 
sequencing (WGS) has rapidly increased the power of molecular studies to compare and describe 
Salmonella isolates (Wuyts et al. 2015). The application of this technology overseas has yielded 
valuable information regarding transmission, reservoir hosts, and antimicrobial and pathogenicity 
properties of environmental serotypes (Bloomfield et al. 2017; Mather et al. 2016; Toro et al. 2016).   
 
In Australia, a One Health approach has been implemented in only a few studies. Investigations into 
S. Paratyphi B Java and various serotypes in the Northern Territory revealed environmental and 
wildlife reservoirs of Salmonella (Williams et al. 2015; Staff et al. 2012). Nevertheless, ongoing 
surveillance of Salmonella in Australia has not fully utilised a One Health approach. Surveillance 
primarily focusses on humans and food (OzFoodNet 2015) and the major surveillance schemes in 
livestock are principally for export purposes (Black 2018; Hamilton, Smith and Pointon 2007; NSW 
Department of Primary Industries 2018). WGS has also been restricted to human and food isolates 
and there have been no comparisons of the Salmonella genome from humans, animals and the 
environment.  
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There are several unique challenges when it comes to surveillance and control of Salmonella in 
Australia. Australian livestock are considered free from S. Enteritidis (Cuttell, Groves and Wilson 2015; 
Daughtry et al. 2005) which is the primary target of the European control schemes (Lane et al. 2014; 
Wegener et al. 2003). Nevertheless, the incidence of salmonellosis in people is higher in Australia than 
other developed countries where S. Enteritidis is endemic (Crim et al. 2015; OzFoodNet 2015; EFSA 
and ECDC 2017). Comparison of salmonellosis data between humans and animals is rare and there is 
a growing need to assess the general dissemination of serotypes in an Australian context.  
 
Further, there is strong evidence that a number of serotypes unique to Australia are transmitted via 
an environmental source (Williams et al. 2016; Williams et al. 2015; Ashbolt and Kirk 2006; Ball 1991; 
Fitzgerald 2015). Control of these “environmental serotypes” requires a novel application of the 
principal of One Health. Development of an appropriate questionnaire should therefore be 
underpinned by a One Health collaboration that can represent knowledge from all aspects of the 
disease transmission (Davis et al. 2017). Such epidemiological investigations can be further 
strengthened by the inclusion of molecular evidence (Leekitcharoenphon et al. 2014).  
 
Salmonella Wangata – the main focus of this thesis – presents an ideal opportunity to apply a One 
Health approach to surveillance of environmental Salmonella in Australia. S. Wangata is a novel 
environmental serotype found primarily in the state of New South Wales (NSW), Australia (Fitzgerald 
2015). The incidence of cases is increasing (NNDSS 2019) and many patients require hospitalisation 
(pers comm, James Flint). Beyond a short descriptive summary published in a Master’s thesis 
(Fitzgerald 2015), there are no published epidemiological accounts of this serotype in Australia. A 
better understanding of S. Wangata will aid the future control and surveillance of this serotype.  
 
1.2. Aims 
The aim of this thesis is to describe and investigate Salmonella in NSW, Australia, using a One Health 
approach. Specifically, this is directed through the investigation of an environmentally transmitted 
serotype, S. Wangata. Through the successful application of a One Health approach it will be shown 
that such a method is an effective and necessary means of investigation. I aim to highlight the 
strengths of bringing together the knowledge from human and animal sectors and how applying novel 
technologies and methodologies can advance the current understanding of Salmonella epidemiology 
in Australia. Ultimately the results and conclusions from this thesis can be used to inform targeted 
One Health interventions to control and monitor environmentally transmitted salmonellosis both in 
Australia and globally.  
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1.3. Objectives 
The objectives of this thesis were to: 
1. Collate, describe and assess all available Salmonella surveillance data from humans, food, 
livestock, companion animals, wildlife and the environment in NSW, Australia;  
2. Investigate risk factors for and environmental sources of notified human cases of S. Wangata 
in NSW, applying a One Health approach;  
3. Characterise the genome and phylogeny of S. Wangata isolates from humans, animals and the 
environment;   
4. Identify and compare spatial risk factors for S. Wangata (environmental serotype) with S. 
Typhimurium (foodborne serotype), and the role of hypothesised reservoir species in case 
distribution.  
1.4. Thesis structure 
This thesis includes a literature review (Chapter 2), four research chapters (Chapters 3 to 6) and a 
general discussion (Chapter 7). All research chapters have been submitted for publication and are 
published or currently under review/revision.   
 
Chapter 2 provides a summary and discussion of the relevant literature. It is composed of four main 
sections: 1) Non-typhoidal Salmonella; 2) Environmental Salmonella; 3) Epidemiology of Salmonella in 
Australia; and 4) common methods used to investigate Salmonella.  
 
Chapter 3 presents a descriptive study of all ascertainable Salmonella data in NSW and provides an 
entry point to understand the epidemiology of Salmonella in NSW. Data from humans, food, domestic 
animals, wildlife and the environment are compared and the distribution of key Salmonella serotypes 
is described.  
 
Chapter 4 reports the findings of a case-control study investigating risk factors for S. Wangata infection 
in humans. The phylogeny of clinical and environmental serotypes isolated as part of this investigation 
is also presented. This prospective investigation was driven by hypotheses raised in Chapter 3 and was 
conducted in collaboration with public health officers, environmental health officers, the NSW Enteric 
Reference Laboratory and wildlife carers.  
 
Chapter 5 builds on the work described in Chapter 4 by characterising the S. Wangata isolates obtained 
during the investigation. Key genomic characteristics relating to the pathogenicity are detailed. 
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Chapter 6 utilises the data analysed in Chapter 3 to explore hypotheses generated during Chapter 4. 
The spatial risk factors of S. Wangata and S. Typhimurium are described and compared. This study was 
conducted in collaboration with a landscape epidemiologist.  
 
This thesis concludes in Chapter 7 with a general discussion of the major findings, limitations and 
future directions.  
 
This thesis also contains appendixes consisting of ethics approval letters and supplementary materials 
from each research chapter, as well as the questionnaire and sampling protocols used in Chapter 3.  
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Chapter two. Literature review  
2.1. Non-typhoidal Salmonella 
 
2.1.1. Basic microbiology and taxonomy 
Salmonella is a rod-shaped, gram-negative, flagellated bacterium. It is a facultative anaerobe of the 
gastrointestinal tract but is also capable of survival and replication in the environment outside of hosts 
(Fatica and Schneider 2011; Barker and Bloomfield 2000). The term “non-typhoidal Salmonella” is 
used to distinguish all serotypes other than those associated with the typhoid/paratyphoid fever 
(namely, S. Typhi, S. Paratyphi A, S. Paratyphi B and S. Paratyphi C). Within this thesis, the term 
‘Salmonella’ is used to refer to non-typhoidal Salmonella.  
 
Non-typhoidal Salmonella are a large group of bacteria made up of two species, six subspecies and 
more than 2500 different serotypes (Figure 2.1.). Serotypes can be further divided into subtypes such 
as phage types or multi locus sequence types (MLST) (see section 2.4.1.2.). Differentiation of 
Salmonella isolates is a key component in understanding the epidemiology and microbiology of this 
pathogen and is an imperative tool in outbreak investigations and source attribution (see sections 
2.4.1.2., 2.4.2.1. and 2.4.2.2.). 
 
 
Figure 2.1. Taxonomy of the genus Salmonella 
 
The Salmonella genus was originally classified as a single species in 1973 based on DNA-DNA 
hybridisation (Crosa et al. 1973). In 1989 use of multi-locus enzyme electrophoresis led to the 
expansion of the genus into two species: Salmonella bongori and Salmonella enterica (Reeves et al. 
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1989). Analysis of the evolutionary divergence of the two species revealed each species occupies a 
unique niche (Fookes et al. 2011). As such, with the exception of a handful of rare cases, virtually all 
salmonellosis in humans is caused by S. enterica (Fookes et al. 2011) which is therefore the focus of 
this thesis. Subspecies within the species S. enterica are classified based on 14 bio-typing 
characteristics (Grimont and Weill 2007), for example lactose- or sorbitol-fermenting.  
 
The correct nomenclature for Salmonella consists of the species, subspecies, serotype and (if 
available) phage type. For example: Salmonella enterica subsp enterica serovar Typhimurium PT170. 
In this thesis, unless stated otherwise, reference to a specific serotype, for example Salmonella 
enterica subsp enterica Typhimurium, is abbreviated as Salmonella Typhimurium, subsequently 
abbreviated as S. Typhimurium. Only serotypes in Salmonella subspecies enterica are routinely 
named, because this group accounts for >99% of isolated strains (Grimont and Weill 2007). The 
remaining serotypes are named using their antigenic formula according to the Kauffman-White-Le 
minor scheme and are classified using somatic O-antigens and flagella H-antigens phases 1 and 2, 
separated by a colon. For example, the antigenic formula for S. Typhimurium is 1,4,5,12:i:1,2.  
 
2.1.2. Characteristics of Salmonella enterica  
 
2.1.2.1. Host range 
S. enterica has a wide host range; it has been isolated from a number of species including mammals, 
birds, reptiles, fish and insects (Heinitz et al. 2000; Tessier et al. 2016; Scheelings, Lightfoot and Holz 
2011). Nevertheless, some subspecies and serotypes are better adapted to infect certain hosts. 
Subspecies can therefore be coarsely divided by their association with endotherms (I and II) or 
ectotherms (IIIa, IIIb, IV and VI). However, classification of host-range is better examined at the 
serotype level. Serotypes can be crudely summarised into three categories: host-restricted, host-
adapted and host-generalist.  
 
Host-restricted serotypes are specialised to infect a single host species and typically cause severe 
systemic disease (Stevens, Humphrey and Maskell 2009; Rabsch et al. 2015). An example of a host-
restricted serotype is S. Gallinarum in chickens (Stevens, Humphrey and Maskell 2009; Sanderson et 
al. 2013). Host-adapted serotypes have a primary host and will sporadically spill-over into other 
species (Stevens, Humphrey and Maskell 2009).  S. Choleraesuis, for example, is host-adapted to pigs 
but has been documented to cause severe disease in humans (Eke et al. 2014). Host restricted and 
host adapted serotypes have unique biology when compared to host generalist serotypes (Spanò, Liu 
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and Galán 2011; Langridge et al. 2015). An investigation into the evolution of host adaptation in 
Salmonella described the process of gene degradation as serotypes became host specialised 
(Langridge et al. 2015). This process may be indicative of increased pathogenicity in the main host 
species as has been observed in other pathogens (Parkhill et al. 2003). 
 
Host-generalist serotypes, as the name suggests, have a wide host range (Rabsch et al. 2015) and can 
cause a variety of disease outcomes ranging from an asymptomatic carrier state to severe systemic 
disease. Host generalist serotypes are the most frequently observed serotypes, and S. Typhimurium 
and S. Enteritidis account for the majority of human cases in Australia, Europe and the United States 
(US) (OzFoodNet 2015; Crim et al. 2015; EFSA and ECDC 2017). This wide host range leads to complex 
epidemiology because transmission pathways can involve a number of different animal species.   
 
It is important to note that no serotype fits neatly into one category. Subtypes of generalist serotypes 
can become host restricted (Hughes et al. 2010) and other host-restricted serotypes can be found in 
a range of species. For example, S. Dublin is host adapted to cattle but has also been isolated from 
pigs and dogs (Philbey et al. 2014; Mueller-Doblies, Speed and Davies 2013).  
 
2.1.2.2. Pathogenicity 
The outcome of infection with Salmonella depends on the combination of host, serotype and 
environmental factors. Salmonellosis in humans is typically a self-limiting gastroenteritis lasting up to 
4 – 7 days; severe cases are characterised by enteric fever, extra-intestinal focal infection and 
bacteraemia (Langridge, Wain and Nair 2012). Animals also experience a range of outcomes ranging 
from an asymptomatic carrier state to gastroenteritis (Sanderson et al. 2013). Other outcomes 
reported include large scale die-offs as seen in wild bird populations (Alley et al. 2002; Giovannini et 
al. 2012) and abortion in livestock (Madić et al. 1997; Linklater 1983).  
 
Key genetic components of Salmonella pathogenicity are located within regions of the genome known 
as Salmonella pathogenicity islands (SPIs). To date there have been 23 SPIs described (Hayward, 
Jansen and Woodward 2013) containing various genes for pathogenesis − such as gut wall invasion 
(SPI -1) and intracellular survival and replication (SPI-2). SPI-1 and SPI-2 are typically highly conserved 
across different serotypes and are believed to be essential for Salmonella pathogenesis (Marcus et al. 
2000). However, a recent study described Salmonella Senftenberg isolates lacking SPI-1 but still 
capable of causing disease (Abd El Ghany et al. 2016) raising questions about alternative mechanisms 
for pathogenicity.  
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Consistent with the self-limiting nature of gastroenteritis, invasion of the gut wall is typically a dead-
end for Salmonella because the adaptive host immune defences eliminate the infection. However, 
colonisation of the intestinal lumen and associated colitis enables Salmonella to be readily transmitted 
between hosts via the faecal-oral route (Lawley et al. 2008). The duration of carriage and shedding of 
Salmonella varies greatly between hosts. A case study on cockroaches found intermittent shedding 
could last up to 40 days (Mackerras and Pope 1948). Another study found rats could become 
persistent carriers and that frequency of shedding depended on serotype and number of organisms 
(Traub-Dargatz et al. 2000).  
 
Host factors such as age and stress can exacerbate or induce disease and shedding in a variety of hosts. 
Notified cases in humans are typically most common in children between 0 and 5 years of age 
(OzFoodNet 2015; Boore et al. 2015). Conversely, studies in both domestic and feral pigs have found 
that older animals were more likely to shed Salmonella in faeces than younger animals (Wilkins et al. 
2010; Ward et al. 2013). A higher prevalence of Salmonella has been associated with reptiles in 
captivity versus wild reptiles, possibly due to stress (Scheelings, Lightfoot and Holz 2011), although 
contaminated food may also contribute (Fuller et al. 2008). While age was not found to be a significant 
risk factor for shedding of Salmonella in hospitalised horses, respiratory illness was, implying that 
additional clinical disease may also induce shedding (Alinovi et al. 2003). Shedding is rarely uniform 
between individuals, even in similar settings, suggesting additional host factors, such as the host gut 
microbiome, may contribute (Lawley et al. 2008). 
 
2.1.2.3. Antimicrobial resistance  
Severe cases of salmonellosis require treatment with antimicrobials and an increase in antimicrobial 
resistant (AMR) isolates raises serious concerns for the future treatment of such cases. Within the 
genus Salmonella there are a wide variety of genes and chromosomal point mutations associated with 
AMR (Michael et al. 2006; Michael et al. 2013). A number of mechanisms for resistance have been 
described in bacteria including use of efflux pumps, modification of products to selectively inactivate 
antimicrobial agents, or alteration of structures such that they are no longer compatible with 
antimicrobial inhibition (Schwarz and Chaslus-Dancla 2001). The efficacy of different antimicrobials is 
affected by different resistance mechanisms (Michael et al. 2013; Schwarz and Chaslus-Dancla 2001) 
and multiple resistance mechanisms within the same bacterial organism (i.e. multi-resistance) is not 
uncommon. In particular, several Salmonella serotypes have been associated with multi-resistance, 
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for example S. Kentucky and monophasic S. Typhimurium (S. I 4,[5],12:i:-) (Food and Drug 
Administration 2017; EFSA and ECDC 2017). 
 
A major challenge for control of AMR bacteria is that resistance-associated genes are commonly 
located on mobile elements of the genome. This enables horizontal transfer, not just between 
Salmonella but also between different Enterobacteriaceae (Michael et al. 2006). Salmonella Genomic 
Island 1 (SGI-1) is a pertinent example containing a cluster of genes conferring resistance against 
ampicillin, chloramphenicol, florfenicol, streptomycin, spectinomycin, sulphonamides and 
tetracycline. Transfer of SGI-1 requires the presence of an additional plasmid to facilitate transmission 
and is therefore considered an integrative mobilisable element; nevertheless, it has spread between 
different Salmonella serotypes globally (Doublet et al. 2003; Levings et al. 2005).  
 
2.1.2.4. Geographic and climatic range  
Salmonella bacteria are found globally but certain serotypes have restricted distributions. For 
example, in Australia, the serotype S. Mississippi is found almost exclusively on the island state of 
Tasmania, which accounts for 80% of national cases of this serotype despite only 2% of the national 
population residing in this state (Ashbolt and Kirk 2006). The underlying reasons for this spatial 
restriction are unclear, however, it is hypothesised that transmission occurs via a wildlife or 
environmental reservoir (Ashbolt and Kirk 2006; Ball 1991). This suggests that the distribution of some 
Salmonella serotypes is likely to depend on the distribution of the host species and environmental 
factors. At a higher taxonomic scale, subspecies of Salmonella may be better suited to particular 
environments than others. For example, a study on free-ranging reptiles found that the frequency of 
Salmonella subsp diarizonae and salamae isolation was higher if the lizard’s home range included 
Casuarina trees (Parsons, Bull and Gordon 2015).  
 
Climate has been shown to impact the occurrence of salmonellosis in people; most reported cases 
typically occur in summer (Britton et al. 2010; OzFoodNet 2015; Akil, Ahmad and Reddy 2014). A 
number of studies have shown a positive correlation between increasing ambient temperatures and 
notifications of salmonellosis (Milazzo et al. 2015; Akil, Ahmad and Reddy 2014; Zhang, Bi and Hiller 
2012; Zhang, Bi and Hiller 2010), suggesting that regions with warmer climates might experience 
higher burdens of disease. Rainfall has also been found to be predictive of increased cases in Australia 
(Zhang, Bi and Hiller 2010) highlighting the potential role of water in Salmonella transmission. Water 
abundance has been associated with salmonellosis. In Italy, it was found that cases of the 
geographically restricted serotype S. Napoli were more common in areas with abundant freshwater 
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bodies (Graziani et al. 2015). Similarly, in feral pigs populations in Australia, it was hypothesised that 
being proximal to rivers may facilitate the spread of Salmonella (Ward et al. 2013).  
 
2.1.2.5. Environmental survival  
Salmonella is able to survive in a variety of conditions such as low water activity, wide temperature 
ranges and pH variability. Examples of survival in extreme conditions includes outbreaks traced to 
typically inhospitable foods such as dried herbs and frozen foods (Jernberg et al. 2015; Danyluk et al. 
2007; MacDougall et al. 2004; Bucher et al. 2007). It has also been demonstrated that Salmonella can 
protect itself from organic acids such as acetic acid (Greenacre and Brocklehurst 2006) which is 
commonly used as a microbial control strategy in meat processing (Dubal et al. 2004). Studies have 
illustrated that Salmonella is capable of penetrating through egg shells (Gole et al. 2014) and fruit 
skins (Munnoch et al. 2009), thus evading efforts to decontaminate external surfaces of these food 
items. Beyond food, Salmonella outbreaks have been traced to environmental and water 
contamination events (Ashbolt and Kirk 2006; Kapperud, Stenwig and Lassen 1998; Taylor et al. 2000).  
 
The ability of Salmonella to survive under a variety of conditions contributes to its persistence in the 
environment.  For example, Nicholson et al. found Salmonella could survive in top soil for up to a 
month after manure application (Nicholson, Groves and Chambers 2005). Within the home, 
Salmonella has been cultured up to 32 hours post inoculation on a clean kitchen bench (De Cesare et 
al. 2003) and up to four weeks post infection on a shared toilet bowl (Barker and Bloomfield 2000). In 
the clinical setting, a nosocomial outbreak of Salmonella in a veterinary hospital was traced to 
environmental contamination where it was able to persist for up to three months between outbreaks 
(Ward et al. 2005).  
 
2.2. Environmental Salmonella 
 
2.2.1. Definition 
The term ‘environmental Salmonella’ has been used to describe isolates obtained from an 
environmental source as a result of environmental contamination (Pandya et al. 2009; Wales et al. 
2007). Alternatively, certain serotypes of Salmonella may be referred to as ‘environmental serotypes’ 
or ‘strains’ meaning that such strains have a propensity for transmission via an environmental means 
as opposed to foodborne transmission (Ashbolt and Kirk 2006; Williams et al. 2015). In this thesis the 
use of the term ‘environmental Salmonella’ refers to the latter. 
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2.2.2. Transmission and sources of environmental Salmonella 
Given the wide host-range and environmental survivability of Salmonella (as discussed in section 2.1.), 
transmission between humans, animals and the environment is understandably complex. Figure 2.2. 
summarises some of the major transmission events that are discussed in more detail below.  
 
 
 
Figure 2.2. Schematic diagram of the cyclical nature of Salmonella transmission between humans, 
animals and the environment.  
 
Wildlife are natural hosts of Salmonella and play an important role in transmission and dissemination 
of environmental strains (Bloomfield et al. 2017; Mather et al. 2013). However, wildlife cannot be 
implicated as the sole source of environmental Salmonella. In many instances naïve wildlife become 
infected with Salmonella from anthropogenic sources (Fenlon 1983; Iveson et al. 2014; Iveson et al. 
2009; Retamal et al. 2017; Fenwick et al. 2004). In general, the prevalence of Salmonella is higher in 
wildlife near urban centres (Handeland et al. 2002; Brobey, Kucknoor and Armacost 2017) and the 
types of Salmonella found in urban wildlife typically reflect those most commonly seen in humans 
(Fenlon 1983; Handeland et al. 2002; Reche et al. 2003). In contrast, wildlife in remote regions tend 
to have either a lower prevalence of Salmonella and/or predominately serotypes native to the region 
(Ward et al. 2013; Iveson et al. 2014). International trade and travel has led to the introduction of 
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novel serotypes into naïve wildlife populations (Iveson et al. 2009; Retamal et al. 2017; Fenwick et al. 
2004) and in some cases the creation of a reservoir species (Iveson et al. 2014). A number of studies 
have also reported that wildlife near Salmonella seropositive livestock are more likely to be infected 
than wildlife near seronegative livestock or wilderness areas (Skov et al. 2008; Andrés et al. 2013). 
Spill-overs of human pathogens into wildlife populations can additionally lead to negative ecological 
impacts (Stark et al. 2016). This suggests that while wildlife play an important role in the ecology of 
environmental Salmonella, the epidemiology is complex and understanding the ecology requires a 
One Health approach.  
 
Anthropogenic sources are also a means of environmental contamination.  Human sewage has been 
described as the source of increased Salmonella contamination in the marine environment of 
numerous countries (Fenwick et al. 2004; Stark et al. 2016). One study from Spain was able to link 
marine contamination to mollusc processing facilities (Martinez-Urtaza and Liebana 2005), 
highlighting the variety of ways humans may interact with and contaminate the environment. 
Agricultural run-off has also been associated with increased detection of Salmonella in waterways 
(Economou et al. 2013), particularly following rainfall events (Wilkes et al. 2009). In Australia, an 
increase in salmonellosis cases has been observed up to two months following rainfall events (Zhang, 
Bi and Hiller 2010) and may be indicative of an increase in environmental contamination from 
agricultural run-off.  
 
A unique anthropological influence on Salmonella transmission is the use of artificial feeding stations. 
Feeding stations in household gardens have been associated with outbreaks of salmonellosis in 
humans, pets and wildlife (Tauni and Österlund 2000; Handeland et al. 2002). Feeding stations can act 
as hotspots of transmission between wild bird communities (Lawson et al. 2014). Wildlife habituated 
to urban environments and supplementary feeding often practice behaviours such as unsolicited 
begging and theft of food (Epstein et al. 2006; Warnken et al. 2004) which may aid sporadic spread of 
Salmonella (Epstein et al. 2006).  
 
Water has been implicated as a vehicle in several Salmonella outbreaks. Contaminated drinking water 
has been cited as a major risk factor in a number of outbreak investigations (Franklin et al. 2009; 
Draper et al. 2017b; Ashbolt and Kirk 2006; Kapperud, Stenwig and Lassen 1998). Wildlife, such as 
amphibians, may inhabit rain water tanks and shed Salmonella directly into the water (Taylor et al. 
2000). Alternatively, wild birds may roost near catchment pipes where faecal material containing 
Salmonella can be washed into the tank (Ahmed et al. 2012; Franklin et al. 2009). Regions shared by 
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both wildlife and humans such as parks and recreational water sites may also be hotspots of 
environmental transmission (Afema and Sischo 2016). Use of recreational water has been associated 
with a range of gastroenteritis outbreaks in humans in Australia, including salmonellosis (Dale et al. 
2010).   
 
Contaminated shared environments have been associated with indirect transmission of Salmonella 
between humans and wildlife (Staff et al. 2012; Ashbolt and Kirk 2006; Toro et al. 2016; Alley et al. 
2002). For example, an outbreak in Australia was traced to playground sand hypothesised to be 
contaminated by long-nosed bandicoots (Perameles nasuta) (Staff et al. 2012). Many other studies 
have found indistinguishable PFGE and MLVA strains of Salmonella in humans, and wildlife or the 
environment from the same region (Compton et al. 2008; Maurer et al. 2015; Afema and Sischo 2016; 
Williams et al. 2015). Recently, the development of WGS has provided high resolution evidence that 
indirect transmission of Salmonella between humans and wildlife is a frequent occurrence (Bloomfield 
et al. 2017; Mather et al. 2016; Toro et al. 2016; Lawson et al. 2018).  
 
Wildlife in rehabilitation pose an additional mode of transmission between humans and wildlife 
(Speare and Thomas 1988). Animals in captivity and in care have been observed to have a higher 
prevalence of Salmonella when compared to free-ranging wild animals of the same species (Potter, 
Reid and Fenwick 2011; Scheelings, Lightfoot and Holz 2011; McOrist and Smales 1986; Reche et al. 
2003). This has ramifications for carers of wildlife where rehabilitation often requires close physical 
contact (Speare and Thomas 1988). Nosocomial transmission between wildlife in care may also 
facilitate introduction of Salmonella into naïve wildlife populations when animals are released, as has 
been observed with other pathogens (Power, Emery and Gillings 2013). Transmission of Salmonella 
from wildlife in care to pets in the same household has also been observed (Speare and Thomas 1988) 
indicating an additional transmission pathway.  
 
Pets may become infected with Salmonella by directly predating upon wildlife (Giovannini et al. 2012; 
Tauni and Österlund 2000; Taylor and Philbey 2010) with potential for spill-overs into humans (Tauni 
and Österlund 2000). Birds symptomatically infected with Salmonella are more likely to be successfully 
predated upon by cats increasing the risk of transmission between infected birds and pets (Taylor and 
Philbey 2010; Tauni and Österlund 2000). Salmonella has also been isolated from dogs visiting public 
parks (Procter et al. 2014) suggesting pets may play a role in disseminating Salmonella directly into 
the environment.  
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2.2.3. Salmonella Wangata  
Salmonella Wangata is the focus of Chapters 4, 5 and 6 of this thesis. Globally, it is considered a rare 
serotype, however as outlined in section 2.3.5., within the Australian context it is a major cause of 
salmonellosis. Prior to this thesis, knowledge of S. Wangata was lacking. A comprehensive search of 
academic literature yielded 21 unique and relevant peer-reviewed publications that referenced S. 
Wangata (Table 2.1.). The first S. Wangata isolate was obtained from a clinical human case in the town 
of Wangata, Democratic Republic of the Congo (known as Belgian Congo at the time of isolation) 
(Kauffmann and Lucasse 1953). S. Wangata has been isolated from humans, food, domestic animals, 
fish, reptiles, wild birds, and the environment (Table 2.1.) illustrating that S. Wangata is a host 
generalist serotype. There were a number of additional studies identified during the literature search 
that were not deemed relevant. These were primarily studies investigating laboratory methods using 
banked Salmonella isolates. With the exception of the primary isolation (Kauffmann and Lucasse 
1953), no studies included a targeted discussion of S. Wangata. 
 
2.3. Epidemiology of salmonellosis in Australia 
 
2.3.1. Impact of Salmonella infections 
Salmonella is the second most frequently notified cause of gastroenteritis infection in Australia 
(OzFoodNet 2015) and is the most common agent implicated in foodborne disease outbreaks 
(OzFoodNet 2010). In 2017, the national annual incidence was 66.7 cases per 100,000 people (NNDSS 
2019). Compared to other developed countries, Australia has a high burden of salmonellosis, with an 
annual incidence more than four times higher than the incidence in the US (Crim et al. 2015). The 
mortality rate associated with salmonellosis is low. The most recent report by OzFoodNet (data from 
2012) attributed no deaths to salmonellosis that year (OzFoodNet 2018). In 2011 there were only two 
deaths (0.02% of cases) associated with foodborne Salmonella outbreaks in Australia (OzFoodNet 
2015). This is less than the US where Salmonella infections resulted in 30 deaths (0.4% of cases) in 
2004 (Crim et al. 2015).  
 
The rate of salmonellosis cases in Australia is increasing each year (Figure 2.3.) despite implementation 
of food safety regulations in the 1990s and decreased levels of microbial hazards in meat (Sumner, 
Raven and Givney 2004; Hamilton et al. 2011). The reason for this increase remains unclear. One 
possible factor is an increase in reporting due to the use of culture independent testing (May et al. 
2017), alternatively it has been hypothesised that the growth in notifications may be associated with  
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Table 2.1. Summary  of  all  published  peer-reviewed  literature that references  Salmonella Wangata 
 
Host  Country Year Reference 
Human Homo sapiens Democratic Republic of 
the Congo# 
1953 (Kauffmann and Lucasse 1953) 
Human/cattle Homo sapiens/ Bos taurus Nigeria 1955-58 (Collard and Sen 1960) 
Fischer’s chameleon Kinyongia fischeri Not stated 1961-66 (Zwart, Poelma and Strik 1970) 
Human Homo sapiens United Kingdom (travel 
history from Spain) 
1963 (Ash et al. 1964) 
Pig Sus scrofa domesticus United Kingdom 1968-74 (Sojka et al. 1977) 
Human Homo sapiens Malaysia 1973-82 (Jegathesan 1984) 
African dwarf crocodile Osteolaemus tetraspis Republic of Congo 1993 (Van der Walt, Huchzermeyer and Steyn 1997) 
Chocolate/cocoa  Canada 1991 (D'Aoust, Sewell and Jean 1992) 
Fish - Tilapia Oreochromis niloticus Egypt 1991 (Youssef, El-Timawy and Ahmed 1992) 
Chicken hatchery Gallus gallus United Kingdom 1992-93 (Davies and Wray 1994) 
Human (n=~350)^ Homo sapiens United Kingdom 1992-93 (Sharp and Reilly 1994) 
Human Homo sapiens Kenya 1994-97 (Oundo et al. 2000) 
Human (spine) Homo sapiens United Kingdom 1995 (MacKay and Mehta 1995) 
Municipal waste water  Greece 1998-99 (Zdragas, Tsakos and Mavrogeni 2000) 
Human Homo sapiens Greece 2001-06 (Maraki et al. 2009) 
Human Homo sapiens Ireland 2003 (Foley, McKeown and Cormican 2003) 
Water Dragon* Intellagama lesueurii New Zealand 2008-09 (Kikillus, Gartrell and Motion 2011) 
Greek tortoise* Testudo graeca New Zealand 2008-09 (Kikillus, Gartrell and Motion 2011) 
Inland bearded dragon* Pogona vitticeps New Zealand 2008-09 (Kikillus, Gartrell and Motion 2011) 
Chicken/farm environment Gallus gallus Australia 2011 (Heuzenroeder et al. 2013) 
Chicken carcass Gallus gallus China 2011-12 (Hu et al. 2017) 
Silver gull Chroicocephalus novaehollandiae Australia 2012 (Dolejska et al. 2016) 
Human Homo sapiens India 2015 (Ballal et al. 2015) 
Chicken Gallus gallus Nigeria 2016 (Obi, Ike and Olovo 2016) 
#Referred to in the publication as the Belgian Congo *denotes the animals were sampled in captivity ^This outbreak is referred to in a Department of Health 
report (Department of Health 2002) with inconsistencies in both case counts and outbreak source and should therefore be interpreted with caution. 
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increasing average temperatures (D'Souza et al. 2004). Other epidemiological factors of human 
salmonellosis in Australia remain consistent with what is seen globally, namely, cases increase over 
the summer months, the notification rate is highest in children under five years old and cases are 
evenly spread between males and females (OzFoodNet 2010,  2015,  2012,  2018) 
 
 
Figure 2.3. Incidence of human salmonellosis per 100,000 people in Australia since the National 
Notifiable Disease Surveillance Scheme (NNDSS) began in 1991.  
 
The total expense associated with foodborne illness in Australia, including the cost to individuals, 
businesses, health care services and government, is estimated to be AUD$1.25 billion annually 
(Abelson, Potter Forbes and Hall 2006). Gastroenteritis alone accounts for roughly $811 million 
(Abelson, Potter Forbes and Hall 2006). The most significant contribution to gastroenteritis associated 
costs are impacts to lifestyle and productivity of individuals and businesses. This incorporates losses 
due to a decline in productivity (both household and workplace), carer costs and lifestyle costs 
associated with pain and suffering (Abelson, Potter Forbes and Hall 2006). Furthermore, Salmonella 
outbreaks are associated with a higher hospitalisation rate than other gastroenteritis pathogens 
(OzFoodNet 2018) suggesting that Salmonella accounts for a greater proportion of the economic 
burden compared to other frequently identified but less severe pathogens. Surveillance, investigation 
and maintenance of food systems contributes a relatively small (~10 million) fraction of the total cost 
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of foodborne illness. Such activities are also associated with cost saving benefits. For example, in 2001 
an outbreak of S. Stanley linked to imported peanuts was identified and subsequent interventions (i.e. 
seizing of stock) led to an estimated community saving of close to $85,000 (Abelson, Potter Forbes 
and Hall 2006).  
 
It is important to note that the estimates given in Abelson et al. (2006) are likely an underestimate of 
the true cost of gastroenteritis today. The report is restricted to foodborne illness however not all 
cases of gastroenteritis are due to consumption of contaminated food (Hall 2004; Kirk, M. et al. 2014). 
Kirk et al. (2014) estimated and that the proportion of all gastroenteritis cases in 2010 attributable to 
food was around 25% (CI: 13%-42%) (Kirk, M. et al. 2014). This suggests that, were non-foodborne 
gastroenteritis cases to be factored into the estimates given above, the economic impact would be far 
greater. Furthermore, the number of cases of salmonellosis have increased considerably (NNDSS 
2019) since the Abelson et al (2006) report was published.  
 
Clinical salmonellosis in livestock is considered rare in Australia however there have been a number 
of outbreaks resulting in mortality and abortion with presumed associated costs (Arthur et al. 2014a; 
Arthur et al. 2016). Simulations of the cost associated with outbreaks of S. Dublin in cattle overseas 
demonstrated significant losses to farm profitability (Nielsen et al. 2013). More data are needed to 
assess the impacts of clinical infections in Australian livestock.  
 
International trade and travel could facilitate the introduction of exotic serotypes into Australia which 
would likely exacerbate the described impacts of salmonellosis. The success of strict trade restrictions 
is evidenced by Australia’s freedom from endemic S. Enteritidis (Cuttell, Groves and Wilson 2015; 
Daughtry et al. 2005), a serotype that is responsible for a majority of human cases overseas (EFSA and 
ECDC 2017; Crim et al. 2015). However, were S. Enteritidis to become endemic in Australia it is 
estimated that the number of salmonellosis cases would increase by a factor of 10 (Daughtry et al. 
2005). Travel is currently responsible for the majority of AMR Salmonella isolates found in humans 
(Williamson et al. 2017) and introduction of many exotic serotypes to naïve wildlife populations has 
also been associated with international tourism (Iveson et al. 2014). The pet trade has contributed to 
the spread of Salmonella worldwide (Tauxe, Rigau-Pérez et al. 1985, Smith, Yabsley et al. 2012). 
Evidence of this in Australia has already been observed with an outbreak of a multi-resistant strain of 
S. Paratyphi B Java associated with imported pet fish (Musto et al. 2006). In 2014 S. Abortusovis was 
isolated from an urban pet dog and is believed to be the first isolation of this serotype in a domestic 
animal in Australia although the source is unknown (Arthur et al. 2014b). Fresh produce is also 
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becoming an increasingly important source of Salmonella (Heaton and Jones 2008). Fresh fruits and 
vegetables are particularly problematic because they are often consumed raw and are notoriously 
challenging to trace (Horby et al. 2003). International trade of fresh produce is a major food safety 
concern and control measures must be implemented to prevent international dissemination of key 
serotypes (Quested et al. 2010).  
 
2.3.2. Overview of Salmonella surveillance 
 
2.3.2.1. Surveillance in humans 
Passive laboratory-based surveillance of salmonellosis in humans is conducted via the National 
Notifiable Disease Surveillance System (NNDSS) which is managed by the Communicable Disease 
Network Australia. Each of the eight states and territories in Australia have a separate Public Health 
Act with different lists of notifiable diseases and individual methods of reporting into the national 
system (Miller et al. 2004). States and territories are further divided into Public Health Units (PHU) 
which are responsible for following up on notified cases as appropriate. In NSW, disease surveillance 
data are entered by each PHU into the state-wide Notifiable Conditions Incident Management System 
(NCIMS). Data are provided by pathology laboratories, general practitioners and hospitals. Data are 
automatically transmitted from NCIMS to NNDSS on a regular basis. The NNDSS is effective at 
monitoring overall trends in a population, however it lacks the ability to pre-empt outbreaks and 
inform detailed source attribution (Ford et al. 2015; Miller et al. 2004). Instead, outbreak and cluster 
detection is often performed at the state and territory level (OzFoodNet 2018). Overall, it is estimated 
that only 14% of cases are recorded by the NNDSS (Hall et al. 2008). This is because, for a case to be 
recorded, the infected individual must first seek medical attention, submit a stool sample, the sample 
must then be tested and a positive result must be reported by the laboratory (Hall et al. 2008). The 
duration of illness will influence the likelihood of a person seeking healthcare and the severity of illness 
(e.g. the presence of blood in faeces) will influence the probability of a stool sample being collected 
(Hall et al. 2008). The probability of the case being reported therefore varies from 1% [0.3–1%] for 
brief and mild cases to 55% [36.8–75%] for protracted and severe cases (Hall et al. 2008). The overall 
fraction of reporting is, however, in line with surveillance systems from other developed countries 
(Voetsch et al. 2004; Tam et al. 2011).  
 
An additional passive surveillance system in Australia is the National Enteric Pathogen Surveillance 
System (NEPSS). NEPSS differs from the NNDSS in that only enteric pathogens are recorded (namely 
Salmonella, Escherichia coli, Vibrio, Yersinia, Plesiomonas, Aeromonas and Campylobacter) and data 
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additionally include non-human isolates (Roche et al. 2004). Submission to NEPSS is voluntary for all 
laboratories excluding those in Victoria and Tasmania. This means that NEPSS data originating from 
other states are often incomplete (Williamson et al. 2017).  
 
OzFoodNet is Australia’s dedicated surveillance program for foodborne disease. State-based 
epidemiologists co-ordinate national surveillance and outbreak investigations of foodborne related 
illness (Kirk et al. 2008). Trends, patterns and outbreaks of human salmonellosis are reported in annual 
and quarterly OzFoodNet reports. OzFoodNet reports include a discussion of foodborne Salmonella 
outbreaks however they do not include a surveillance summary of Salmonella isolates obtained from 
food (OzFoodNet 2015,  2012). Outbreak investigations of foodborne disease are primarily reliant on 
descriptive information. In the most recent OzFoodNet report, out of the 144 foodborne outbreaks 
identified in 2012, 22 were investigated using a cohort study, 8 using a case-control study, 90 involved 
descriptive analysis only and 24 had no investigation (OzFoodNet 2018). In addition, only 16% (23/144) 
of outbreaks involved microbiological testing of the suspected food source (OzFoodNet 2018).  
 
Characterisation of isolates is an important part of Salmonella surveillance. Of human samples that 
are submitted nationally, nearly 100% of isolates are now serotyped (OzFoodNet 2015). There are, 
however, some discrepancies between states as to the level of further characterisation. For example, 
with isolates of S. Typhimurium, most states and territories (South Australia, Victoria, Tasmania, 
Queensland and the Northern Territory) conduct phage typing, whereas NSW opts instead to conduct 
MLVA typing, Western Australia uses PFGE and the Australian Capital Territory conducts either phage 
typing or MLVA depending on the laboratory (OzFoodNet 2015). There is a general shift away from 
phage typing towards the use of MLVA (OzFoodNet 2018), nevertheless differences in state based 
laboratory methods can make comparison of data between states and territories challenging, 
particularly in outbreak investigations of S. Typhimurium where subtyping methods are essential to 
differentiate cases associated with outbreaks due to the large number of sporadic cases (OzFoodNet 
2015). Recently, there has been an uptake of whole genome sequencing (WGS) (Phillips et al. 2016; 
Thompson et al. 2017), and this technology is anticipated to become standard in the future.  
 
AMR in Australia is monitored by the organisation Antimicrobial Use and Resistance in Australia 
(AURA). AURA collates data from both passive and targeted surveillance systems. Not all health care 
providers submit data to AURA however this is anticipated to change in the future (ACSQHC 2017). In 
the latest report, AURA launched the National Alert System for Critical Antimicrobial Resistance 
(CARalert). CARalert is the first national system that both collects and disseminates information about 
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critical AMR (ACSQHC 2017). Included is ceftriaxone resistant Salmonella isolates which are currently 
relatively rare in people in Australia (15 cases from March to December 2016) (ACSQHC 2017). In 
general, the rate of AMR Salmonella isolation in Australia is increasing with most cases associated with 
overseas travel (Williamson et al. 2017). 
 
2.3.2.2. Surveillance in animals 
An overview of animal disease in Australia, including clinical Salmonella infections, is provided 
quarterly (Animal Health Surveillance Quarterly newsletter) and annually (Animal Health in Australia 
annual report) by the National Animal Health Information System Program within Animal Health 
Australia. These reports contain a summary of the notable disease events in livestock, wildlife and 
companion animals and a brief summary of the total number of positive isolates submitted to NEPSS 
from birds, cats, cattle, dogs, horses, pigs and sheep (Anonmyous 2018; Arthur et al. 2018; Animal 
Health Australia 2018).  
 
There are a limited number of Salmonella surveillance frameworks for livestock in Australia.  Within 
the quarterly and annual animal heath reports, discussions of clinical salmonellosis in livestock since 
2008 were only included if Salmonella was the cause of an outbreak or associated with unusual 
presentation. For example, one report included an outbreak of salmonellosis in beef cattle (Arthur et 
al. 2016) and another reported mortality in calves associated with salmonellosis exacerbated by low 
maternal antibody levels (Arthur et al. 2015b). Over the past ten years the majority of reported 
outbreaks were in cattle (Arthur et al. 2016; Arthur et al. 2015a; Arthur et al. 2014a) and salmonellosis 
outbreaks in poultry were reported only three times (Arthur et al. 2011,  2009,  2008).  
 
On-farm testing of livestock is primarily for diagnostic purposes and notification requirements of 
diagnosed infections varies from state to state. For instance, in NSW only five serotypes are notifiable 
(S. Gallinarum, S. Pullorum, S. Abortusequi, S. Abortusovis, and if isolated in poultry, S. 
Enteritidis)(NSW Department of Primary Industries 2017). Diagnostic isolates may also not be 
serotyped. In one reported case, isolates obtained from livestock were not serotyped because there 
was no suspicion that the isolate was a notifiable serotype (Arthur et al. 2017). Industry bodies, such 
as private poultry companies, may choose to conduct in-house surveillance, however there is no 
requirement to report positive Salmonella isolations with the exception of the five notifiable serotypes 
stated above.  
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Surveillance of Salmonella in livestock/livestock products from a food safety perspective is also 
limited. For commercial egg producers that export eggs internationally there is an accreditation 
scheme for freedom of S. Enteritidis (National Salmonella Enteritidis Monitoring & Accreditation 
Program) managed by the NSW Department of Primary Industries (NSW Department of Primary 
Industries 2018). A similar scheme is in place in NSW and VIC for exporters of day-old chicks for 
accreditation of freedom of S. Pullorum (New South Wales/Victoria Salmonella Pullorum Monitoring 
& Accreditation Program) (Black 2018). These schemes are primarily for the purpose of exportation 
and reporting of other serotypes, such as S. Typhimurium, is not included. Similarly, the E. coli and 
Salmonella monitoring program monitors microbial contamination of carcasses in export abattoirs. 
However, because the primary driver behind the program was initially to meet export requirements 
to the US (Hamilton, Smith and Pointon 2007), testing is not routinely carried out at non-export 
abattoirs nor are data collated and reported publicly.  
 
There are no dedicated schemes for monitoring the presence of AMR Salmonella isolates in livestock 
however there have been a number of prevalence studies in pigs, cattle and poultry (Kidsley et al. 
2018; Pande et al. 2015; Barlow et al. 2015). AMR resistance is generally found to be low in Australian 
livestock (Abraham et al. 2014). This has been attributed to the strict regulation of antimicrobial use 
in livestock in Australia (Barlow et al. 2015; Abraham et al. 2014). Nevertheless, the introduction of 
critically significant AMR such as ceftriaxone-resistant Salmonella into livestock populations is possible 
(Kidsley et al. 2018) and warrants continued surveillance.  
 
There is no official body responsible for the surveillance of disease in companion animals in Australia. 
Companion animals are rarely included in the quarterly and annual animal health reports except when 
infected with notifiable and/or zoonotic pathogens (Arthur et al. 2018; Arthur et al. 2014b). The total 
number of positive isolations from dogs, cats and horses submitted to NEPSS are also included in the 
quarterly reports (Anonmyous 2018), however, as discussed above, this includes data predominately 
from Tasmania and Victoria as submissions from all other states are voluntary (Williamson et al. 2017). 
Detailed information on resistant Salmonella obtained from companion animals was not available, 
with the exception of a case study of carbapenemase-producing S. Typhimurium in shelter cats 
(Abraham et al. 2016) and a brief comment in Barton et al. stating that resistance is estimated to be 
low (Barton, Pratt and Hart 2003). Investigations into Escherichia coli and Staphylococcus sp. from 
companion animals has suggested that resistance to antimicrobials is low to moderate (Saputra et al. 
2017b; Saputra et al. 2017a). In general, there is very little information regarding Salmonella infections 
in companion animals in Australia. Companion animals, including pet reptiles and fish, have been 
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associated with outbreaks of Salmonella in people (Tauni and Österlund 2000; Sato et al. 2000; 
Moffatt et al. 2010; Musto et al. 2006) suggesting a better understanding of Salmonella infections in 
this group of animals is warranted.  
 
Wildlife disease surveillance is coordinated by Wildlife Health Australia (WHA). WHA is a not-for-profit 
organisation funded by the Australian government and is the primary body for wildlife health affairs 
in Australia (Ban, Cox-Witton and Grillo 2018). Reports of wildlife disease, generated by WHA, are 
incorporated into the Animal Health Surveillance Quarterly newsletter and into the Animal Health in 
Australia annual reports. Wildlife disease summaries contain a description of significant wildlife 
disease outbreaks, cases and sporadic disease data (Ban, Cox-Witton and Grillo 2018; Animal Health 
Australia 2018). WHA also manages the Wildlife Health Information System (eWHIS), the national 
database of wildlife disease information which contains data obtained from WHA and third parties 
such as zoos, universities and private practitioners (Ban, Cox-Witton and Grillo 2018). Veterinarians 
are encouraged to investigate wildlife disease through the provision of remuneration funds provided 
by the National Significant Disease Investigation Program, managed by WHA in conjunction with 
Animal Health Australia (Ban, Cox-Witton and Grillo 2018). Salmonella is one of six focusses of WHA 
reporting (Ban, Cox-Witton and Grillo 2018). However, since 2008 only 11 of the 41 quarterly reports 
have cited Salmonella and overall, only three different serotypes of Salmonella were discussed (S. 
Typhimurium DT160, S. Paratyphi B Java and Salmonella subsp diarizonae). In addition to these 
reports, wildlife have been actively surveyed for Salmonella during investigations of human 
salmonellosis (Staff et al. 2012; Ball 1991; Williams et al. 2015), and for research purposes (Epstein et 
al. 2006; Iveson et al. 2009; Lee and Mackerras 1955; Parsons, Bull and Gordon 2011; Parsons, Bull 
and Gordon 2015; Scheelings, Lightfoot and Holz 2011; Ward et al. 2013; Al-Habsi et al. 2018). There 
is little information on AMR Salmonella in wildlife. One study found the prevalence of AMR Salmonella 
in a rangeland goat population was low (Al-Habsi et al. 2018). However, another study found multi-
resistant Salmonella isolates obtained from a colony of silver gulls (Chroicocephalus novaehollandiae) 
(Dolejska et al. 2016). This difference is possibly to be due to the relative distance and proximity to 
humans. The goats were remotely located in Western Australia (Al-Habsi et al. 2018) whereas the gulls 
fed at a local urban waste depot (Dolejska et al. 2016). This suggests surveillance of AMR in wildlife 
could be targeted towards animals inhabiting more urban areas.  
 
2.3.2.3. Salmonella surveillance in Australia compared to overseas  
Surveillance data from humans, animals and the environment in Australia are not highly integrated, 
collated or compared as is seen in reports from European countries (Animal & Plant Health Agency 
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2017; DTU Food 2018). Importantly, data in European reports includes the surveillance of subclinical 
infections in livestock (Animal & Plant Health Agency 2017; DTU Food 2018). Robust surveillance 
systems have been shown to be highly effective at lowering rates and associated costs of Salmonella 
not just in livestock but also in food and humans (Nielsen et al. 2001; Hurd et al. 2008; Wegener et al. 
2003). Active surveillance has fuelled ongoing control programs such as the Irish National Pig 
Salmonella Control Programme (Argüello et al. 2018), the Finnish Salmonella Control Programme 
(Maijala et al. 2005) and the Danish Salmonella Surveillance and Control Programme (Alban et al. 
2012). Given the large geographical extent and the different agricultural landscape of Australia, 
identical surveillance schemes may not be immediately feasible (Kirk 2004). However, comparison of 
Salmonella isolates obtained from animals and humans in Australia would be a valuable first step in 
highlighting areas where active surveillance could be targeted. 
 
Coordinated surveillance of AMR between human and animal sectors is an integral step in controlling 
and understanding the severity of AMR (Perez and Villegas 2015). AURA recognises this by 
emphasising the importance of a One Health approach to AMR surveillance (ACSQHC 2017) however 
annual reports to date have only discussed human surveillance (ACSQHC 2016,  2017). By contrast, 
the European Food Safety Authority and European Centre for Disease Prevention and Control 
incorporates data from 28 member states to produce a comprehensive annual report detailing AMR 
trends across Europe (EFSA and ECDC 2018). Reports include discussions on AMR data obtained from 
humans, food, livestock, companion animals and wildlife. 
 
2.3.3. Major serotypes by state 
There are key differences in the notification rate and serotypes observed in each state/territory. Table 
2.2. shows the top 5 serotypes isolated from humans in each state/territory over the past 5 years. S. 
Typhimurium is the predominate serotype in humans overall, causing almost half of all national 
notified cases (OzFoodNet 2015). S. Enteritidis is the other major serotype and most human cases are 
attributable to overseas travel (OzFoodNet 2015). In contrast to many other countries, poultry and 
pigs in Australia are free from S. Enteritidis and therefore this serotype is not a major contaminant of 
food (Cuttell, Groves and Wilson 2015; Daughtry et al. 2005). However, there are a number of locally 
acquired cases suggesting that endemic infections do occur although the source of these infections is 
less clear (OzFoodNet 2015).  
 
Some serotypes are unique to a particular state, for example S. Mississippi in Tasmania,  S. Ball in the 
Northern Territory and S. Wangata in NSW (Table 2.2.). These serotypes are believed to be associated 
with transmission from an environmental source (Williams et al. 2015; Ashbolt and Kirk 2006; 
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Fitzgerald 2015) suggesting that environmental Salmonella may play an important role in the 
epidemiology of Salmonella in Australia.   
 
 
Table 2.2. Top five Salmonella serotypes isolated from humans, by state/territory, 2011-2016.  
The number of cases of each serotype is given, as well as the proportion of cases associated with 
that serotype. Serotypes classified as ‘unspecified’ were not included. Source: Salmonella Public 
Data set produced by the NNDSS (NNDSS 2019). Data were not available for the Australian Capital 
Territory as it is not included in the Salmonella Public Data set.  
New South Wales n % Victoria n % 
S. Typhimurium 9289 54 S. Typhimurium 8929 56 
S. Enteritidis 860 5 S. Enteritidis 968 6 
S. Virchow 593 3 S. subsp I ser 4,5,12:I:- 482 3 
S. Paratyphi B bv Java 529 3 S. Paratyphi B bv Java 378 2 
S. Wangata 423  2 S. Anatum 325 2 
Other (n=184) 5650 33 Other (n=249) 4895 31 
TOTAL 17344 100 TOTAL 15977 100 
Queensland n %  Northern Territory n % 
S. Typhimurium 6820 36 S. Saintpaul 327 14 
S. Virchow 1604 8 S. Virchow 308 13 
S. Saintpaul 1299 7 S. Typhimurium 281 12 
S. Enteritidis 853 5 S. Ball 129 6 
S. Aberdeen 679 4 S. Lansing 99 4 
Other (n=137) 7672 41 Other (n=133) 1176 51 
TOTAL 18927 100 TOTAL 2320 100 
South Australia n %  Western Australia n % 
S. Typhimurium 2992 52 S. Typhimurium 2453 35 
S. Saintpaul 372 6 S. Enteritidis 1147 16 
S. Enteritidis 325 6 S. Paratyphi B Java 341 5 
S. Virchow 244 4 S. Saintpaul 234 3 
S. subsp I ser 4,5,12:I:- 211 4 S. Infantis 216 3 
Other (n=150) 1604 28 Other (n=146) 2703 38 
TOTAL 5748 100 TOTAL 7094 100 
Tasmania n % Australia n % 
S. Mississippi 518 41 S. Typhimurium 31096 45 
S. Typhimurium 332 26 S. Enteritidis 4288 6 
S. Enteritidis 61 5 S. Virchow 3243 5 
S. subsp I ser 4,5,12:I:- 51 4 S. Saintpaul 2971 4 
S. Paratyphi B Java 28 2 S. Paratyphi B Java 1609 2 
Other (n=76) 283 22 Other (n=397) 25476 37 
TOTAL 1273 100 TOTAL 68683 100 
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2.3.4. Environmental Salmonella in Australia 
In Australia there have been a number of salmonellosis outbreaks in people associated with an 
environmental or wildlife source. For example, outbreaks have been attributed to consumption of a 
green sea turtle (Chelonia mydas) (Draper et al. 2017a; O'Grady and Krause 1999), drinking untreated 
water (Franklin et al. 2009; Draper et al. 2017b; Taylor et al. 2000) and contact with contaminated 
playground sand (Staff et al. 2012). There have been additional non-foodborne salmonellosis 
outbreaks including direct contact with petting zoo animals (Merritt and Herlihy 2003) and contact 
with exotic pets and fish (Moffatt et al. 2010; Musto et al. 2006; Senanayake et al. 2004). Nevertheless, 
OzFoodNet annual reports consistently list a number of Salmonella outbreaks as being attributable to 
an unknown source (OzFoodNet 2010,  2012,  2015), many of which may be environmental. The low 
number of outbreaks attributable to an environmental source may, therefore, reflect difficulties 
detecting an environmental source rather than such outbreaks being rare.  
 
As discussed in Section 2.3.3., several environmental serotypes have been identified in Australia 
including: S. Mississippi in Tasmania (Ashbolt and Kirk 2006); S. Birkenhead in Queensland (Beard et 
al. 2004); S. Urbana and S. Ball in the Northern Territory (Williams et al. 2015); and, S. Wangata in 
NSW (Fitzgerald 2015). S. Mississippi, S. Urbana and S. Ball have been linked to environmental 
exposures rather than food (Williams et al. 2015; Ashbolt and Kirk 2006) and there is strong evidence 
to suggest that S. Wangata follows a similar pattern (Fitzgerald 2015). 
 
Investigations of environmental serotypes can face a number of difficulties. Given the range of 
possible sources and sporadic nature of cases, case-control studies investigating these serotypes have 
included a broad range of exposures and spanned entire years (Ashbolt and Kirk 2006; Beard et al. 
2004; Williams et al. 2016). Observational bias due to different interviewing methods limited the 
efficacy of the investigation of S. Birkenhead with the final models explaining only 33% and 4% of the 
variance in cases in NSW and Queensland, respectively (Beard et al. 2004). Nevertheless, case-control 
investigations have successfully associated animal exposure with cases of S. Mississippi and 
environmental serotypes in the Northern Territory (Ashbolt and Kirk 2006; Williams et al. 2016). To 
date, there have been no specific investigations into the environmental serotype S. Wangata.  
 
2.3.5. Salmonella Wangata  
S. Wangata was the 5th most commonly isolated serotype in people in NSW between 2012-2016 
(NNDSS 2019). The frequency of cases in both NSW and Queensland has been increasing since 2009 
with the majority of cases occurring in NSW (Figure 2.4.). With the exception of NSW and Queensland, 
cases in all other Australian states and territories are rare, accounting for only 39 cases between 2012-
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2016 (NNDSS 2019). Infection with S. Wangata has been associated with a higher hospitalisation rate 
of 40% compared to 6% for all cases of salmonellosis (personal coms, James Flint). Despite being a 
relatively common serotype there have been no identified food sources in NSW (Fitzgerald 2015). 
Standard foodborne interviews have identified possible environmental exposures including outdoor 
activities, pets, exposure to native animals and proximity to water (Fitzgerald 2015) however no 
formal investigations into this serotype been performed prior to the investigations detailed in this 
thesis.  
 
  
Figure 2.4. Cases of S. Wangata in Australia between 2009-2016. Other includes Tasmania, Western 
Australia, Northern Territory and South Australia. Data from the Australian Capital Territory were 
not available.  Data sourced from the Public Salmonella Data set, NNDSS (NNDSS 2019) 
 
2.4. Methods and tools for Salmonella research 
 
2.4.1. Laboratory methods 
There is an extensive range of laboratory methods that have been used in the context of Salmonella 
surveillance and research. These methods have been the subject of a number of comprehensive 
reviews (Threlfall and Frost 1990; Cheng et al. 2016; Wattiau, Boland and Bertrand 2011; Foley, Zhao 
and Walker 2007). While many methods have made important contributions to furthering Salmonella 
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research, it was not feasible to critically review every method. This review therefore focusses on the 
methods that are most pertinent in the contemporary context of Salmonella epidemiology and which 
were relevant to this thesis.  
 
2.4.1.1. Salmonella detection  
 
Microbiological culture 
The gold standard of Salmonella detection is microbiological culture. Culture typically involves 
suspending a small amount of a sample or swab in a pre-enrichment broth, followed by growth in a 
selective broth, plating on several selective agar plates and followed by biochemical or serological 
tests to confirm presence of Salmonella sp. (Andrews, Jacobson and Hammack 2011; Lee et al. 2015). 
In the diagnostic setting, culturing typically involves non-selective pre-enrichment with Buffered 
Peptone Water followed by growth in two selective broths (Rappaport-Vassiliadis (RV) and 
tetrathionate broths) incubated at different temperatures (RV at 42 ± 0.2°C and TT at 35 ± 2.0°C) and 
a number of selective media incubated in parallel (bismuth sulphite agar, xylose lysine deoxycholate 
agar, Hektoen enteric agar, and/or Brilliant Green Agar) (Andrews, Jacobson and Hammack 2011; 
WHO Global Foodborne Infections Network 2010). The ratio of sample to pre-enrichment broth varies 
depending on the sample matrix being tested and a number of methods have been developed to 
account for this variation (Andrews, Jacobson and Hammack 2011). In a research setting these 
standards have been adapted such that only one selective broth (RV) may be used followed by 
selective plating (Scheelings, Lightfoot and Holz 2011; Krawiec et al. 2015; Handeland et al. 2002). 
Positive cultures are confirmed using biochemical reactions such as Triple Sugar Iron Agar (WHO 
Global Foodborne Infections Network 2010), and positive isolates may then be serotyped and 
sequenced for whole genome analysis (see below).  
 
Culture independent methods 
Recently there has been an increase in the use of culture-independent methods, such as polymerase 
chain reaction (PCR), for the use of Salmonella detection (May et al. 2017). PCR involves isolating DNA 
from a sample and amplifying a small target section based on a set of forward and reverse primers 
(Malorny et al. 2004). DNA is amplified over a set number of heating and cooling cycles that denature 
the DNA and, as the DNA cools, anneals new base pairs to the independent strands using a Taq 
polymerase (Malorny et al. 2004). Successful amplification is detected via gel electrophoresis (Bansal, 
Gray and McDonell 2006) or florescent probes in the case of real-time PCR (Malorny et al. 2004). Many 
samples may not contain enough bacterial cells to meet detection thresholds and therefore PCR is 
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often preceded with a pre-enrichment step as described above (Bansal, Gray and McDonell 2006). The 
primary advantage of PCR is the relative speed of detection when compared to culture (Bansal, Gray 
and McDonell 2006). The culture methods described above take on average 4 - 5 days to perform 
(Andrews, Jacobson and Hammack 2011) whereas PCR can be performed within a matter of hours 
following enrichment (Bansal, Gray and McDonell 2006). When preceded by a pre-enrichment step, 
PCR has identical sensitivity and specificity of Salmonella detection compared to culture. This has been 
shown for detection from food isolates, pig faeces, milk and meat  (Bansal, Gray and McDonell 2006; 
Braun and Methner 2011; Omiccioli et al. 2009; Lee et al. 2009). However Eriksson et al. (2007) found 
that the sensitivity of the methods depended on both sample origin and Salmonella serotype (Eriksson 
and Aspan 2007). This illustrates that validation of the PCR needs to be performed for each type of 
sample matrix due to the unknown presence and effect of inhibitors (Braun and Methner 2011; 
Eriksson and Aspan 2007). Another limitation of culture independent methods is that serotyping and 
WGS require a pure isolate via traditional culturing methods (Bell et al. 2016; May et al. 2017) meaning 
that PCR is limited in the power to further characterise isolates (May et al. 2017). This has ramifications 
for the detection and characterisation of Salmonella outbreaks (May et al. 2017). Alternatively, culture 
can be obtained from the pre-enrichment broth used for PCR which enables both quick screening for 
negative results and isolation of the bacteria for positive results (Bansal, Gray and McDonell 2006).  
 
Metagenomics, the process by which whole genome DNA is extracted and sequenced directly from a 
sample, is becoming more feasible (Doughty et al. 2014; Bell et al. 2016) and may negate the need for 
culturing and PCR. Metagenomics may target specific pathogens (Huang, A. D. et al. 2017) but there 
is the potential for this technology to investigate the microbial community of a sample in unison (Bell 
et al. 2016). This has the potential to rapidly identify co-infection, outbreak phylogenies and 
microbiome indicators e.g. the percent of commensal bacteria (Huang, A. D. et al. 2017; Bell et al. 
2016). Nevertheless, there are still a number of limitations associated with this method. For example, 
host DNA needs to be identified and excluded (Huang, A. D. et al. 2017) and while there are tools 
available for this in human samples (e.g. BMTagger (Rotmistrovsky and Agarwala 2011)), removing the 
host DNA in animal and environmental samples may require additional complex steps. It can also be 
difficult to distinguish between sequences of closely related strains which can lead to fragmented 
genome constructions (Quince et al. 2017). Ultimately, as sequencing technologies continue to 
advance and these limitations are overcome, it is likely that the potential benefits of metagenomics 
will see its use become common place. 
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2.4.1.2. Salmonella typing and profiling 
 
Sero- and phage typing 
The Kauffman-White scheme, now extended to the Kauffman-White-Le minor scheme (Grimont and 
Weill 2007), was first published in 1934 (Salmonella Subcommittee 1934) and currently lists over 2,500 
different serotypes of Salmonella (Grimont and Weill 2007). Serotypes are defined by an antigenic 
formula made up of the serological reactions to somatic lipopolysaccharide (O), flagellar (H) and 
capsular (Vi) antigens (Grimont and Weill 2007). Serotyping remains an important method in 
Salmonella nomenclature and epidemiology (Grimont and Weill 2007). However, serotype does not 
always reflect phylogenetic relationships (Deng et al. 2014; Porwollik et al. 2004) and, given the 
domination of some serotypes, is not always an effective means of discriminating between related 
infections or cases. For example, in Australia in 2011, 48% of human cases were attributable to S. 
Typhimurium (OzFoodNet 2015). In general, finer discrimination is needed to distinguish between 
cases and to identify outbreaks. Phage typing is commonly adopted to address this issue (Ward, De Sa 
and Rowe 1987; Anderson et al. 1977; Chambers et al. 1987). Profiles are generated using the 
reactivity of the isolate to various known bacteriophages. However, phage typing schemes are only 
available for a select number of isolates and there are many instances in which isolates react to 
bacteriophages but do not conform to a known phage type − known as ‘reacts but does not conform’ 
or RDNC (Prendergast et al. 2011). Further, as with serotype, a single phage type can be over 
represented in a population, resulting in a lack of discriminatory power between isolates. For example, 
~20% of phage typed S. Typhimurium notifications in 2011 were of a single type (PT170) (OzFoodNet 
2015). These limitations have led to the development and adoption of molecular based tools. Within 
this collection of tools there exists a broad spectrum of discriminatory power, utility and availability. 
Such tools include pulsed field gel electrophoresis (PFGE), multi-locus variable number tandem repeat 
analysis (MLVA), MLST and WGS.   
 
Pulse-field gel electrophoresis 
PFGE was first described by Schwartz and Cantor in 1984 (Schwartz and Cantor 1984) and is an 
effective means of discriminating between Salmonella isolates of the same serotype (Ziebell et al. 
2017; Stepan et al. 2011). PFGE relies on restriction length polymorphism to profile isolates. DNA is 
cut using rare-cutting endonuclease then run through an agarose gel of changing (pulsing) electric 
field which separates the DNA fragments of different length (Kaufmann 1998). The profiles of isolates 
are determined by visually examining the agarose gel under ultra violet transillumination and 
comparing the banding pattern between isolates (Kaufmann 1998). PFGE is still commonly used in 
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epidemiological research however it is acknowledged to be more laborious than other methods 
(Lienemann et al. 2015).  
 
Multiple-locus variable-number tandem repeat analysis 
An additional means of subtyping Salmonella is MLVA. Within the Salmonella genome there are a 
collection of loci with a variable number of tandem repeat sequences. Using PCR, these loci can be 
amplified and the number of repeats can then be determined using multicolour capillary 
electrophoresis (Lindstedt et al. 2004). The number of repeats, known as the allele number, are then 
combined into a string of integers with the final integer representing the total length of the sequence 
at the corresponding loci (e.g. 03-09-07-15-523). This six-integer figure is the MLVA profile (Lindstedt 
et al. 2004). This method has been shown to effectively discriminate between isolates of the same 
serotype (Sintchenko et al. 2012) and is currently used in surveillance of human S. Typhimurium 
isolates in NSW, Australia (OzFoodNet 2015). MLVA has been found to be a less laborious method 
than PFGE while still providing a similar or higher level of discrimination (Lienemann et al. 2015; 
Lindstedt et al. 2003).    
 
Multiple-locus sequence typing 
A more recently developed tool is MLST. MLST involves the amplification and sequencing of seven 
housekeeping genes (aroC, dnaN, hemD, hisD, purE, sucA, and thrA) (Achtman et al. 2012). The 
different sequences are allocated a distinct allele at each loci, which, when combined, gives the allelic 
profile or sequence type (ST). These genes were selected because their locations within the genome 
are evenly spread, they are flanked by recognised genes and are not subject to selection pressure 
(Kidgell et al. 2002). A key benefit to MLST is that the databases containing the allelic profiles (e.g.  
pubmlst.org/salmonella/) are publicly available and readily updated allowing for greater 
reproducibility and data exchange between laboratories (Torpdahl et al. 2005; Achtman et al. 2012). 
MLST has been shown to effectively group isolates into serotype-like groupings (Achtman et al. 2012) 
however, in general, MLST has a lower discriminatory power than PFGE and MLVA, presumably 
because the housekeeping genes are too highly conserved (Torpdahl et al. 2005; Stepan et al. 2011).  
 
Whole genome sequencing  
The recent implementation of WGS in routine Salmonella surveillance has led to a dramatic increase 
in the ability to discriminate, cluster and characterise isolates. Sequencing of the entire genome of the 
Salmonella isolate allows comparisons not just at select loci (as in the previously mentioned typing 
methods) but across the entire genome. This has benefits for both population-based investigations in 
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which phylogeny is important (e.g. outbreaks) (Phillips et al. 2016), and characterisation of individual 
serotypes or sub-populations (Abd El Ghany et al. 2016). WGS is expected to eclipse the use of PFGE, 
MLVA and MLST as the standard method for subtyping of Salmonella (Ziebell et al. 2017).  
 
Sequenced genomes can be compared to each other or a reference genome to identify single 
nucleotide polymorphisms (SNPs), the highest resolution unit when comparing isolates. The result is 
detailed phylogenetic trees of isolates that can be used to infer related cases, as in the case of 
outbreak investigations, or evolution of a serotype over time. Use of WGS in outbreak investigations 
enables better distinction between outbreak and non-outbreak cases (Wuyts et al. 2015; Phillips et al. 
2016; Thompson et al. 2017) and can help to identify transmission events and reservoir hosts 
(Bloomfield et al. 2017; Mather et al. 2016; Toro et al. 2016). An alternative means to compare 
genomes is to use core or whole genome MLST. These methods are similar to traditional MLST 
described above but include a much larger number of genes (Alikhan et al. 2018). Use of these 
technologies will enable a standardised comparison of subtypes between laboratories which is 
essential for detecting outbreaks and emerging strains (Alikhan et al. 2018). It is important to note, 
however, that in any outbreak investigation genomic analysis should always be accompanied by 
epidemiological data (Leekitcharoenphon et al. 2014). Indeed, when coupled with appropriate 
epidemiological data, WGS is further strengthened and can be used to estimate the mutation rate of 
the lineage and predict historic introduction or transmission dates (Deng et al. 2014; Bloomfield et al. 
2017).  
 
WGS can provide a large amount of useful information on individual isolates. In a clinical setting this 
means isolates can be rapidly screened for the presence of AMR and virulence genes which can aid in 
providing the most appropriate clinical response (Zankari et al. 2012; Wuyts et al. 2015). Genomic 
data can also be used to determine an isolate’s MLST and serotype in silico, bypassing the need for 
laborious in vitro processes (Bale et al. 2016). Further characteristic data such as host adaptation or 
presence/absence of novel and important genes can also be interrogated from genomic data (Abd El 
Ghany et al. 2016; Langridge et al. 2015).  
 
Resistance and virulence profiling 
Salmonella isolates within a serotype may be profiled on the basis of antimicrobial and virulence 
properties. For example, isolates can be characterised based on the presence or absence of genes 
associated with AMR and virulence  (Skyberg, Logue and Nolan 2006; Krawiec et al. 2015; del Cerro, 
Soto and Mendoza 2003; Chen et al. 2005). Genes can be detected using PCR (Abraham et al. 2014; 
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Chen et al. 2005) or microarrays (Scaria et al. 2010). However, detection is biased by the type of 
primers used (Michael et al. 2013), and as the number of identified genes increases this becomes a 
less practical option. Further, if isolates are not stored, newly identified genes/mutations cannot be 
screened for retrospectively. Alternatively, genes may be identified by scanning whole genome 
sequences using regularly updated online tools such as ResFinder (cge.cbs.dtu.dk/services/ResFinder) 
(Zankari et al. 2012) or SPIFinder (cge.cbs.dtu.dk/services/SPIFinder-1.0). AMR can also be 
characterised phenotypically using disc diffusion (Budiati et al. 2013; Abd El Ghany et al. 2016). Disc 
diffusion measures the growth of a bacterial culture on an agar plate spiked with antimicrobial discs 
(Clinical and Laboratory Standards Institute 2012). Phenotypic confirmation has the advantage that 
the isolate can be definitively characterised in vitro as resistant or susceptible, since the presence of 
an AMR gene does not necessarily mean that the isolate is expressing resistance (Scaria et al. 2010). 
However, for the purposes of profiling and grouping, genetic methods achieve higher resolution 
results more efficiently (Scaria et al. 2010). It should be noted that since many antimicrobial genes 
exist on mobile elements (Michael et al. 2006), profiling based on their presence or absence is not 
necessarily an indication of phylogenetic clustering.  
 
2.4.2. Epidemiological methods 
 
2.4.2.1. Outbreak investigations 
Outbreak investigations can be used to identify common sources of salmonellosis. Investigations are 
typically two-pronged with an epidemiological arm and a laboratory investigation arm (Torres et al. 
2012). The epidemiological investigation can be modified for each outbreak such that key hypotheses 
regarding exposure can be tested (Taylor et al. 2000; Fuller et al. 2008). The microbiology arm aims to 
link cases and hypothesised sources via laboratory methods to determine similarity between isolates. 
WGS is being increasingly used in outbreak investigations (Thompson et al. 2017; Phillips et al. 2016).  
 
Outbreaks of gastroenteritis in Australia are investigated using descriptive, retrospective cohort, or 
case-control studies  (OzFoodNet 2015). The type of study depends on the nature of the outbreak. For 
example, a descriptive study is often the first stage of an investigation where cases are interviewed 
and the spatial and temporal features of the outbreak are defined (World Health Organisation 2008). 
A retrospective cohort study is appropriate for an event or institution setting when a defined 
population can be interviewed (World Health Organisation 2008). A case-control study compares 
identified cases with a selected control population  (World Health Organisation 2008). Timeliness of 
detection, investigation and response is critical in an outbreak investigation (Ford et al. 2015). 
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However, the ultimate key to a successful outbreak investigation is the coordination between all 
stakeholders involved in the outbreak such as food safety officers, public health officials and 
laboratory staff (World Health Organisation 2008). Given that Salmonella is a zoonosis and can be 
transmitted directly from the environment, collaboration should additionally extend to stakeholders 
from animal and environmental fields such that a One Health approach is supported (Boqvist, 
Soderqvist and Vagsholm 2018).  
 
2.4.2.2. Source attribution 
Source attribution methods estimate the proportion of human salmonellosis cases that are 
attributable to a hypothesised source. The Hald method is a Bayesian approach to source attribution 
and is commonly used to predict the contribution of various sources to sporadic cases of salmonellosis 
(Hald et al. 2004; Mughini-Gras et al. 2014; Glass et al. 2015; Pires, de Knegt and Hald 2011; Wahlstrom 
et al. 2011). The principle is to compare the proportion of Salmonella serotypes in humans to the 
proportion of those serotypes in each potential source (e.g. poultry) accounting for: the probability of 
exposure to this source (e.g. consumption rates of that food); source dependent factors influencing 
either detection (e.g. microbial monitoring schemes and access to sampling) or growth of Salmonella 
within the source; and serotype-dependent factors (e.g. virulence, survivability) (Hald et al. 2004). This 
approach is particularly useful because it utilises pre-existing data (e.g. data from standard enteric 
pathogen surveillance, livestock monitoring schemes and food safety audits) and can inform risk 
management and control strategies; however, it is limited by the requirement for detailed surveillance 
data (Hald et al. 2004). In response, the Hald model was modified by Muellner et al. to enable inclusion 
of data from a passive surveillance system (Muellner et al. 2009). Nevertheless, sparse data from a 
source can lead to biased results (Muellner et al. 2009) and limits the efficacy of such models where 
surveillance is not robust.  
 
Bayesian source attribution models have been applied twice to Australian salmonellosis data (Fearnley 
et al. 2018; Glass et al. 2015). Findings from each study were consistent and found that poultry and 
eggs are major sources of salmonellosis in Australia (Fearnley et al. 2018; Glass et al. 2015). Further, 
by conducting the source attribution in states of divergent climate (temperate South Australia and 
tropical Queensland), the studies were able to underline the importance of environmental 
transmission in a tropical climate (Fearnley et al. 2018). Nevertheless, both studies cited a number of 
challenges associated with source attribution modelling in the Australian context. Firstly, the lack of a 
robust and systematic Salmonella surveillance system in livestock and food meant source data 
included in the models were sub-optimal (Fearnley et al. 2018; Glass et al. 2015). Secondly by limiting 
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the models to an individual state, the models could not account for food that is freely traded across 
state borders (Fearnley et al. 2018; Glass et al. 2015). Thirdly, the fragmented use of new laboratory 
methods reduces the amount of available data (Fearnley et al. 2018; Glass et al. 2015). In addition, 
source attribution models can fail to encompass animal and environmental exposures (Fearnley et al. 
2018) which are important sources of salmonellosis in Australia (Fearnley et al. 2018; Williams et al. 
2016; Williams et al. 2015; Ashbolt and Kirk 2006). Wildlife exposure has been included in source 
attribution models elsewhere. For example, in Sweden, wildlife was included because it was assumed 
it would generate a stronger signal in the absence of endemic Salmonella in the livestock industry 
(Wahlstrom et al. 2011). However, the study included only 19 samples from three wildlife groups 
(passerine birds,  n=7;  seagulls, n=10; and hedgehogs, n=2) which is below the threshold of 70 samples 
suggested by Fearnley et al. (2018). Collation of data from humans, food, domestic animals and 
wildlife may enable further source attribution modelling in Australia.  
 
2.4.2.3. Spatial methods 
Spatial analysis is a useful tool for identifying hotspots of disease and associated spatial risk factors. 
There are a range of different methods that can be applied, depending on the nature of available data 
and the aims of the investigation.  
 
Scan statistics are frequently used to identify clusters of salmonellosis (Varga et al. 2013; Varga et al. 
2015; Graziani et al. 2015; Ward et al. 2013). This method uses a circular or elliptical scanning window 
of varying sizes to search the spatial data for regions of higher than expected disease (Kulldorff and 
Nagarwalla 1995; Kulldorff et al. 2006) . This method has the advantage that it can be used on a range 
of different spatial data types (Kulldorff and Nagarwalla 1995), for example, cases aggregated by 
municipality level (Graziani et al. 2015) or co-ordinates of cases (Ward et al. 2013). Additionally, the 
size of the scanning window is flexible enabling detection of clusters of various sizes (Kulldorff et al. 
2005). Spatial scanning statistics can also be extended to space-time detection (Kulldorff et al. 2005). 
This method is useful in identifying suspected outbreaks and areas of priority for control or future 
research (Varga et al. 2013; Varga et al. 2015; Hughes and Gorton 2013), however information about 
the underlying risk factors and epidemiology of the cluster should be investigated using alternative 
epidemiological methods (Kulldorff et al. 2006).  
 
Ideally a spatial analysis would utilise co-ordinate (point) level data as this offers the highest resolution 
to investigate spatial risk factors of disease. Such studies in wildlife populations have identified key 
landscape features that were associated with a higher burden of carriage (Parsons, Bull and Gordon 
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2015). However, due to ethical concerns, studies of human cases of salmonellosis are often 
aggregated by municipality regions, such as postcodes or local health districts. In such cases a 
generalised linear spatial model can be used for descriptive purposes but investigation of risk factors 
requires a more complex analysis (Cox et al. 2012). An alternative method is to use a Bayesian 
modelling approach such as conditional autoregressive (CAR) analysis that models the spatial 
autocorrelation inherit in the data and can investigate the effect of risk factors (Lee 2011). The 
Bayesian framework of CAR analysis enables parallel modelling of both the fixed effects and the 
spatially autocorrelated random effects (MacNab 2003). This method has been used to find 
meaningful ecological risk factors of infectious disease (Harling and Castro 2014; Huang, X. et al. 2017) 
and may provide valuable insights into landscape risk factors associated with environmental 
Salmonella.   
 
Given that environmental Salmonella can be transmitted between human and wildlife hosts 
(Handeland et al. 2002; Bloomfield et al. 2017; Mather et al. 2016), exploring the association between 
the spatial distribution of human cases and the range of reservoir species can offer valuable insights 
into disease ecology (Graziani et al. 2015). This analysis, however, requires the spatial distribution of 
wildlife to be known which is rarely the case. One solution is to predict species occurrence based on 
habitat suitability, using ecological niche modelling (ENM). ENM predicts the habitat suitability of a 
species by comparing presence data to generated background points (Phillips, Anderson and Schapire 
2006). Background points can be weighted to account for potential sampling bias inherit in presence-
only data (Phillips et al. 2009). ENM has been used in a number of studies to explore the distribution 
of reservoir species as a risk of other zoonotic pathogens (Walsh and Haseeb 2015; Walsh and Webb 
2018) and may help to better understand the spatial ecology of environmental Salmonella serotypes.  
  
There are a number of limitations associated with spatial analysis. Firstly, the spatial area of residence 
(e.g. postcode) is often used as a proxy for exposure which may not be the case. Sporadic cases of 
salmonellosis may, for example, be associated with overseas travel (OzFoodNet 2015) or exposure 
may occur in a public space, such as a park (Ashbolt and Kirk 2006; Staff et al. 2012). Cases with a 
recent overseas travel history can be excluded from risk-factor analyses however this information may 
not always be available (Fearnley et al. 2018). Secondly, spatial methods can be subject to the 
Modifiable Areal Unit problem where analysis at one spatial resolution may not produce the same 
results if the analysis is repeated at a different resolution (Arsenault et al. 2012). Conducting analyses 
at the smallest available spatial unit may help decrease this ecological bias (Varga et al. 2013). 
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Nevertheless, spatial methods provide powerful tools for capturing ecological risk factors of 
environmental Salmonella. 
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Chapter three. Diversity of Salmonella serotypes from humans, food, domestic 
animals and wildlife in New South Wales, Australia  
 
Published in: BMC Infectious Disease 2018 18:623  
 
This chapter sets the scene of Salmonella surveillance and major serotypes in NSW. Data from all 
available sources were collated and compared. While less analytical than other chapters in this thesis, 
this chapter provides and describes data that is integral for ongoing surveillance and research 
activities. The task of accessing data from such a range of disparate sources is, in itself, a major 
accomplishment of this chapter.  
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3.1. Introduction 
 
Foodborne gastroenteritis in Australia is estimated to cost ~ $811 million annually due to cost of 
treatment, morbidity, business productivity, and government surveillance and investigation (Abelson, 
Potter Forbes and Hall 2006). Salmonella is the second leading cause of gastroenteritis in the country 
(OzFoodNet 2015) and is the most common cause of death from foodborne-related diseases 
worldwide (World Health Organisation 2015). Incidence of salmonellosis continues to rise in Australia 
each year despite notable reductions in incidence in other developed countries (Crim et al. 2015; 
Schmutz et al. 2016; DTU Food 2014). In 2014, the rate of salmonellosis cases in Australia (69.3 cases 
per 100,000) (NNDSS 2017) was more than four times the rate of cases in the United States (15.45 
cases per 100,000) (Crim et al. 2015). Notably, Australia is considered free from S. Enteritidis in poultry 
(Cuttell, Groves and Wilson 2015; Daughtry et al. 2005), which is the most common serotype reported 
in the US (Crim et al. 2015).  
 
New South Wales (NSW) is the most populous state in Australia and accounts for approximately a 
quarter of the annual notified cases of Salmonella in humans nationally (OzFoodNet 2015). While 
foodborne transmission is predominant, a number of outbreaks have been associated with serotypes 
that are unique to NSW and that are believed (or confirmed) to be from an environmental or wildlife 
source (Fitzgerald 2015; Staff et al. 2012). All human cases of salmonellosis in NSW are serotyped and 
reported to the state health department. Isolates may also undergo additional typing using MLVA. 
Increasingly, whole genome sequencing is also being applied to determine relatedness of isolates 
(Phillips et al. 2016; Thompson et al. 2017). In contrast, notification of Salmonella cases in livestock in 
NSW is only mandatory for five serotypes (S. Gallinarum, S. Pullorum, S. Abortusequi, S. Abortusovis, 
and, if isolated from poultry, S. Enteritidis). Serotyping is not routinely performed during livestock 
investigations and thus many cases go unreported. Furthermore, cases diagnosed in companion 
animals and wildlife are not required to be reported to government agencies. This means that 
surveillance data on Salmonella infection in animals in NSW, and indeed much of Australia, are vastly 
lacking. Moreover, data often remain in local repositories and, even when data are collated, there are 
barriers to comparison because of missing metadata.  
 
Source attribution modelling is an important tool in identifying and prioritising sources of Salmonella 
infection in humans (Pires, de Knegt and Hald 2011). Nationwide attribution studies have proved 
challenging in Australia due to state-to-state differences in surveillance and laboratory methods for 
Salmonella detection (Glass et al. 2015). Previous comparative studies have therefore been limited to 
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investigation of salmonellosis in one state, namely South Australia, and this study was limited to 
livestock and livestock products only (Glass et al. 2015). Given the importance of non-food serotypes 
in NSW, we undertook an exploratory analysis of data available on Salmonella serotypes in this state 
with the aim of describing the diversity of serotypes in humans as well as food products, domestic 
animals and wildlife, with a view to informing future source attribution studies. 
3.2. Methods 
 
3.2.1. Data abstraction 
Salmonella data were collated from various human and animal surveillance/diagnostic institutes: the 
Notifiable Conditions Incident Management System (NCIMS), NSW Food Authority (NSWFA), the 
Australian Registry of Wildlife Health (ARWH), electronic Wildlife Health Information System (eWHIS), 
the NSW State Veterinary Diagnostic Laboratory (SVDL), National Enteric Pathogen Surveillance 
System (NEPSS), and a major private veterinary lab, IDEXX Laboratories Pty Ltd. A brief description of 
each organisation/system is provided in Appendix D. Given overlap between NCIMS and NEPSS, only 
non-human data were requested from the latter. For all other data sets, all available Salmonella-
positive results were extracted. Data were excluded if the location was outside of NSW, or if serotype, 
date or sample origin were missing.  
 
Since an individual isolate may have been included in multiple data sets, the combined data set was 
screened for duplicates. Isolates were considered “duplicated” if the sample origin, serotype and 
month/year were identical. Where there was an ambiguous term for sample origin, e.g. “meat”, with 
no further information provided, the isolate was considered a duplicate if a meat case of any type in 
another data set met the other requirements of a duplicate. Where a duplicate was suspected, e.g. 
identical sample origin and serotype but differed by one month, a conservative approach was taken 
and the isolates were considered non-duplicates.  
 
3.2.2. Serotype diversity and distribution 
Isolates were allocated into 29 categories based on the origin of the sample (Figure 3.1.). Lists of the 
detailed sample origins are provided in Appendix E. For each category, frequency tables were used to 
identify the 10 most common serotypes. This is in accordance with public health reports and other 
studies in which the most frequent five or ten serotypes are typically reported (Van Duijkeren et al. 
2002; Hong et al. 2016; OzFoodNet 2010; DTU Food 2014). The diversity of serotypes within each 
category was described using Simpson’s index of diversity. Simpson’s index of diversity is commonly 
used in ecology to identify differences in species diversity between locations (Xu et al. 2011; Piovezan 
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et al. 2013). It has also been used to compare the diversity of Salmonella populations (Afema, Mather 
and Sischo 2015; Strawn et al. 2014). The index is a value scaled between 0 and 1; higher values 
represent greater diversity. The distribution of serotypes commonly isolated from humans was 
examined for each sample origin. In addition, we examined the distribution of serotypes along the 
livestock-food-human continuum and at the companion animal-wildlife interface. 
 
 
 
Figure 3.1. Flow chart detailing the categorisation of Salmonella isolates from New South Wales, 
Australia, based on origin of sample (n=29 categories). Note that poultry includes both broilers and 
layers. 
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3.3. Results 
 
Details of the data used in this study are shown in Table 3.1. After screening, 863 isolates were 
excluded from NEPSS and 1 isolate was excluded from eWHIS as they met the criteria for a duplicate 
in another data set. Non-serotyped positive results were excluded from NCIMS (n=2201), SVDL 
(n=123), ARWH (n=12) and NEPSS (n=1). The remaining 49,872 Salmonella isolates were included in 
this analysis, comprising 325 serotypes. The resolution of the molecular data differed for each data 
source. NCIMS and NSWFA contained more detailed molecular level data, reporting the MLVA type in 
38.2% and 12.5% of isolates, respectively. Overall, human data had the most extensive representation 
with the largest number of samples and the most detailed molecular data (MLVA) available. In 
contrast, data from animal samples were limited to phage typing, which was only rarely performed. 
Given the lack of comparability of data at higher levels of molecular resolution, further comparisons 
between categories were limited to evaluation of serotypes. 
 
Figure 3.2. shows, for each sample category, the number of isolates and serotypes, Simpson’s index 
of diversity (D) and the most frequent serotype isolated. A full listing of the ten most frequently 
isolated serotypes in each category is provided in Appendix F. D ranged from 0.30 (natural 
environment; low diversity) to 0.98 (game meat; high diversity). Overall the median D was 0.86, 
illustrating that most sample categories had a high level of serotype diversity. S. Typhimurium was the 
top ranked serotype for the majority (15 of  29) of sample categories.  
 
The proportion of the ten most frequently isolated serotypes detected in humans across each sample 
category is shown in Figure 3.3. As expected, serotypes were not distributed evenly between the 
sample categories and no category was associated with all top 10 human serotypes. S. Typhimurium, 
S. Infantis, and S. Bovismorbificans were common to the majority of sample categories (27, 23 and 25 
of 29 categories, respectively); overall, S. Typhimurium predominated. There were only two categories 
(natural environment and game meat) from which S. Typhimurium was not isolated. S. Enteritidis was 
not isolated from any livestock animal (including broilers and layers), however it was sporadically 
isolated in food, companion animals and a reptile. S. Paratyphi B Java was predominately associated 
with three sample categories, namely seafood, natural environment and wild mammals. S. Wangata, 
to a lesser degree, showed a higher frequency of isolation in wildlife species.   
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Table 3.1. Sources of data on Salmonella used in this study. Where national data were available, only data from NSW are described. 
Name data source Acronym Dates 
included 
Samples included Reason for 
sampling 
Molecular 
data 
No. isolates w. 
MLVA/Phage (%) 
No. 
isolates 
Notifiable Conditions Incident 
Management System, NSW 
Health 
NCIMS 2001-2015 Human Diagnostic MLVA and 
Phage 
MLVA: 14550 (38.2) 
Phage: 14996 (39.4) 
38106 
New South Wales Food 
Authority, Department of 
Primary Industries 
NSWFA 2010-2017 Food,  
Environment 
Surveillance, 
Outbreak-  
investigation 
MLVA 126 (12.5) 1006 
State Veterinary Diagnostic 
Laboratory, Department of 
Primary Industries 
SVDL 2006-2015 Livestock, 
Wildlife (captive 
[zoo] and free-
ranging) 
Diagnostic, 
Research, 
Surveillance 
Phage 25 (4.4) 569 
Australian Registry Wildlife 
Health, Taronga Zoo 
ARWH  1989-2015 Wildlife (captive 
[zoo] and free-
ranging) 
Diagnostic Phage 103 (21.7) 475 
Electronic Wildlife Health 
Information System, Wildlife 
Health Australia 
eWHIS 2012-2016 Wildlife (free-
ranging) 
Diagnostic, 
Research, 
Surveillance 
Phage 2 (40.0) 5 
IDEXX Laboratories Pty Ltd IDEXX 2012-2017 Dog and cat Diagnostic None  407 
National Enteric Pathogen 
Surveillance System, 
Microbiology Diagnostic Unit 
NEPSS 2006-2017 Non-human All None  9304 
      Total isolates 49872 
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Figure 3.2. The Simpson’s index of diversity (D) for each sample category. Sample categories are 
ranked in order of most diverse to least diverse, with higher values of D reflecting a greater diversity 
of serotypes within that sample category. The most frequently isolated serotype from each sample 
category and percentage of isolates within the sample category comprising the top serotype are 
also given. ‘Monophasic-other’ refers to serotypes, other than S. Typhimurium, that are missing a H 
antigen and are therefore not able to be typed as a particular serotype. *Refers to non-animal 
sourced foods. ^ Subsp II ser 1,4,12,27:b:[e,n,x] (Sofia). 
 
Figure 3.4. shows the overlap between the five most frequent serotypes in each livestock species, 
their associated food commodities and humans. The only serotype that was frequently observed 
across livestock, associated food commodities and humans was S. Typhimurium. Other serotypes, 
such as S. Bovismobificans and S. Rissen, were observed frequently in livestock and associated food 
commodities but were infrequently observed in humans. In contrast, one serovar (S. Sofia) was 
commonly isolated from food products derived from poultry, but comparatively infrequently isolated 
from poultry and humans. 
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 Human top 10 serotypes 
Percent of isolates from sample category 
 
 Sample categories 
Isolates 
(n) 
Serotypes 
(n) S. 
Ty
ph
im
ur
iu
m
 
S.
 E
nt
er
iti
di
s 
S.
 V
irc
ho
w
 
S.
 B
irk
en
he
ad
 
S.
 In
fa
nt
is 
S.
 P
ar
at
yp
hi
 B
 b
v 
Ja
va
 
S.
 S
ai
nt
pa
ul
 
S.
 B
ov
ism
or
bi
fic
an
s 
S.
 W
an
ga
ta
 
S.
 S
ta
nl
ey
 
Total 
% 
 Human 38106 250 56 4 3 3 3 2 2 2 2 1 78 
 Animal feed 1446 58 1    4 1* 1* 1*  1* 5 
Hu
m
an
 fo
od
 
Mixed^ 43 13 58 2 5  7      72 
Dairy 18 12 39       6   44 
Lamb/goat 33 20 21    3  6 3   33 
Poultry/eggs 1370 48 18 1* 1  8  1* 1* 1  28 
Pork 348 31 14    9  1 1  4 28 
Meat unknown 153 32 14    7     1 22 
Beef 63 29 13 2 3  6  3 13  2 41 
Non-animal source 1139 69 9 1 1 3 2  2 1 2 1* 20 
Seafood 27 8 7  7   44     59 
Game meat+ 20 18 
      5 5   10 
Liv
es
to
ck
 Poultry 54 12 61 
   2   2   65 
Small ruminants 149 19 49    11   25   85 
Cattle 596 38 32   1* 2  1 12   48 
Horse 57 19 32    5   9   46 
Pig 703 30 10  1*  4  1* 4 1* 1 19 
Pe
t Cat 150 30 52 1 5 1 4  1 3   66 
Dog 377 66 19 1* 5 1 5 1* 3 6 1  41 
W
ild
lif
e 
Captive bird 96 21 66  1  2  1 2 9  81 
Wild bird 76 20 53  1  4 7   1  66 
Captive mammal 88 32 18    1 1 8 8 2  39 
Wild mammal 99 18 5     61  6   72 
Wild reptile 65 20 2     5  2 2  9 
Captive reptile 236 88 1* 1*   1 2  1* 1* 1* 5 
En
vi
ro
nm
en
t Retail 188 18 52  4  26 1  4   86 
Farm 3211 68 20  3  20  1* 1* 1* 1* 44 
Other/ Unknown 850 47 8  1*  2 1* 1* 1*   11 
Natural 111 12 
 
    84  2   86 
Figure 3.3. Top ten most frequently isolated serotypes in humans and their occurrence in each of 
the other sample categories. The numbers of samples and serotypes from each sample category are 
indicated on the left. The heat map gives the percentage of samples from each sample category that 
shared a serotype with one of the ten most frequently isolated serotypes in humans. Shade is 
proportional to percentage ranging from light grey (low percentage of samples attributable to that 
serotype) to dark grey (high percentage of samples attributable to that serotype). +Game meat 
refers to the meat from wild caught kangaroos (n=18), wild boar (n=1), and a crocodile (n=1). ^ Mixed 
refers to food that is made up of multiple food types, for example a hamburger could be a mix of 
beef (patty), dairy (cheese) and eggs (mayonnaise). * Value <0.5% rounded up to 1%
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Isolates per sample category n (%) 
Serotype Livestock Food Human 
Ca
tt
le
/ B
ee
f 
S. Typhimurium 191 (32.0) 8 (12.7) 21291 (55.9) 
S. Dublin 152 (25.5) 5 (7.9) 25 (0.1) 
S. Bovismorbificans 73 (12.2) 8 (12.7) 726 (1.9) 
S. Anatum 18 (3.0) 0 (0) 159 (0.4) 
S. Give 16 (2.7) 3 (4.8) 82 (0.2) 
Total top 5 450 (75.5) 24 (38.1) 22283 (58.5) 
Total all serotypes 596 (100) 63 (100) 38106 (100) 
Pi
g/
 P
or
k 
S. M* - Typhimurium 169 (24.0)  7 (2.0) 150 (0.4) 
S. Rissen 119 (16.9) 36 (10.3) 66 (0.2) 
S. Typhimurium 67 (9.5) 49 (14.1) 21291 (55.9) 
S. Derby 40 (5.7) 19 (5.5) 39 (0.1) 
S. Bredeney 38 (5.4) 6 (1.7) 48 (0.1) 
Total top 5 433 (61.6) 117 (33.6) 21594 (56.7) 
Total all serotypes 703 (100) 348 (100) 38106 (100) 
Po
ul
tr
y/
 P
ou
ltr
y 
+ 
eg
gs
 S. Typhimurium 33 (61.1) 251 (18.3) 21291 (55.9) 
S. Give 5 (9.3) 1 (0.1) 82 (0.2) 
S. Orion 4 (7.4) 1 (0.1) 41 (0.1) 
S. Sofia^ 2 (3.7) 564 (41.2) 59 (0.2) 
S. Kiambu 2 (3.7) 30 (2.2) 118 (0.3) 
Total top 5 46 (85.2) 847 (61.8) 21591 (56.7) 
Total all serotypes 54 (100) 1370 (100) 38106 (100) 
Sm
 R
um
in
an
ts
/ L
am
b 
+ 
go
at
 
S. Typhimurium 73 (49.0) 7 (21.2) 21291 (55.9) 
S. Bovismorbificans 37 (24.8) 1 (3.0) 726 (1.9) 
S. Infantis 17 (11.4) 1 (3.0) 971 (2.5) 
S. Tennessee 4 (2.7) 2 (6.1) 64 (0.2) 
S. Muenchen 2 (1.3) 0 (0) 309 (0.8) 
Total top 5 133 (89.3) 11 (33.3) 23361 (61.3) 
Total all serotypes 149 (100) 33 (100) 38106 (100) 
Figure 3.4. Five most frequently isolated serotypes of the four major livestock categories and the 
number and proportion of these serotypes in associated food commodities and humans. Shading is 
proportional to all the isolates from each sample type. E.g. Shading of cattle serotypes is 
proportional to the rest of the cattle serotype proportions. Darker shows a higher proportion of 
isolates attributable to that serotype from that category. * M = monophasic ^ Subsp II ser 
1,4,12,27:b:[e,n,x] (Sofia).  
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Table 3.2. shows the overlap between serotypes in companion animals and wildlife. There were 268 
and 133 isolates from dogs and cats, respectively, that were of a serotype that was also isolated from 
wildlife. The highest similarity was seen between wild birds and cats, with 81% of isolates in cats being 
of a serotype that was also isolated from wild birds.  
 
Table 3.2. Number of serotypes (n) in common between companion animals and wild birds, wild 
reptiles and wild mammals. The proportion (%) of isolates in dogs and cats that were associated 
with a serotype that was also isolated in wildlife is also shown.  
 Dog Cat 
 n % n % 
Wild birds 20 52 11 81 
Wild reptiles 16 42 8 71 
Wild mammals 15 38 7 63 
 
3.4. Discussion 
 
Australia has one of the highest incidences of human salmonellosis of any developed country (Corvisy 
et al. 2015; Crim et al. 2015; Schmutz et al. 2016; DTU Food 2014), yet the distribution of serotypes 
among different hosts is poorly understood and documented. This study provides the most 
comprehensive description of the distribution of Salmonella serotypes in NSW (and indeed Australia) 
to date, including humans, food products, animals (both domestic and wild) and the environment. 
When followed up with comprehensive prevalence surveys in animals, these results provide essential 
information for future source attribution studies.  
 
Data on Salmonella in NSW are heavily skewed towards humans; more than three-quarters of isolates 
included in the study were from humans. Furthermore, detailed typing (such as MLVA) was lacking in 
most other data sources, with the exception of food, being an obvious delineation of public health 
surveillance. S. Typhimurium is prioritised by public health departments for molecular analysis, 
including whole genome sequencing (Phillips et al. 2016), due to the need to monitor for emergence 
of new strains and to distinguish between outbreak isolates (Sintchenko et al. 2012). The use of these 
technologies to distinguish related cases is supported in this study by the relatively low diversity index 
of serotypes isolated from human samples (D = 0.68) likely due to the large proportion of S. 
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Typhimurium isolates. However, given the frequency of S. Typhimurium in most sample categories, 
restricting this technology to human isolates limits the capacity for detailed source attribution.   
 
Data presented here support the established importance of livestock and food as sources of 
salmonellosis. Three of the ten most frequent human serotypes (S. Typhimurium, S. Infantis, S. 
Bovismorbificans) accounted for more than 60% of human isolates, and were isolated from farm, 
livestock, livestock-associated food commodities, and retail samples. In particular, S. Typhimurium − 
a serotype commonly associated with foodborne outbreaks − was found in all livestock species 
(ranging from 10 to 61% of isolates from livestock; Figure 3.3.). Given the documented wide host range 
of S. Typhimurium (Scheelings, Lightfoot and Holz 2011; Heinitz et al. 2000; Tessier et al. 2016), it was 
unsurprising that it was a common serotype in all livestock and all associated food commodities. 
Nevertheless, eggs remain the most commonly implicated food in outbreaks of this serotype (Glass et 
al. 2015; OzFoodNet 2015). This is likely due, in part, to unsafe food practices associated with eggs − 
for example their raw consumption in ready-to-eat products such as mayonnaise and tiramisu 
(Moffatt et al. 2016). Although uncommon, meat has also been associated with outbreaks but usually 
through cross-contamination of meat with raw foods such as vegetables products at the retail level 
(Torres et al. 2012; Thompson et al. 2017). Evidence of the potential for cross-contamination at the 
retail level can be seen in this study, with the high percentage (86%) of isolates from the retail 
environment sharing a serotype with the 10 most frequently isolated human serotypes (Figure 3.3.). 
Interestingly, the diversity indices for all livestock-associated food commodities were higher than the 
associated livestock. Speculatively, this may be indicative of exposure to additional sources during 
processing (e.g. cross-contamination);  this requires further research to confirm.   
 
Not all Salmonella serotypes that are frequently found on farms, in livestock and in food are also 
frequently isolated from humans. Figure 3.4. illustrates a number of serotypes that were frequently 
isolated in both livestock and their associated food commodity but were rarely isolated in humans. 
Some serotypes are known to be host-adapted, meaning they will cause disease/infect one particular 
species more than others (Uzzau et al. 2000). For example S. Dublin − which is host-adapted to cattle 
(Uzzau et al. 2000) − was isolated from more than a quarter of cattle samples but less than 0.1% of 
human samples (Figure 3.4.). As such, surveillance methods that do not serotype Salmonella isolates 
or use culture independent laboratory techniques, e.g. PCR testing of meat juice or seroprevalence 
surveys on-farm, may not be the most appropriate method for determining the safety of food or 
contribution of livestock to human illness. 
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The overall similarity between the types and frequencies of serotypes isolated in humans and 
companion animals is consistent with other studies that hypothesise companion animals might serve 
as reservoirs for salmonellosis (Tauni and Österlund 2000; Sato et al. 2000). The source of Salmonella 
infection in companion animals is often due to pet food (Leonard et al. 2011; Imanishi et al. 2014) but 
this is not exclusive. Hunting behaviours of cats has also been linked to Salmonella transmission from 
wild birds (Taylor and Philbey 2010; Horton et al. 2013; Mather et al. 2016), supported by results from 
this study: 81% of cat isolates shared a common serotype with wild birds (Table 3.2.). This suggests 
that in addition to being a reservoir, companion animals might also act as vectors of transmission 
between the environment/wildlife and their owners. The idea of companion animals as reservoirs or 
vectors for Salmonella is of concern for human health for two reasons. Firstly, companion animals are 
frequently treated with antimicrobials so there is the potential to influence AMR patterns. An 
illustration of this can be seen in a recent case study in Sydney that described carbapenemase-
producing Salmonella infections in cats (Abraham et al. 2016). Secondly, companion animals often 
have an intimate relationship with their owners that involves frequent direct touching (e.g. licking) 
and use of a shared environment, which increases the risk of transmission. Although prevalence of 
Salmonella in cats and dogs has been found to be low (Gow et al. 2009; Spain et al. 2001; 
Reimschuessel et al. 2017; Lowden et al. 2015), the potential severity of AMR populations and high 
risk of direct/indirect transfer means companion animals should not be overlooked as important 
sources of Salmonella.  
 
The isolation of S. Enteritidis in samples other than humans was unexpected because this serotype is 
believed to be exotic to Australia (Cuttell, Groves and Wilson 2015; Daughtry et al. 2005), and human 
cases are usually attributed to travel (OzFoodNet 2010). Nevertheless, we show S. Enteritidis to be 
occurring in a number of domestic samples (food, companion animals, and wildlife). Further 
investigations utilising whole genome sequencing would enable a better understanding of the 
relevance of these sources to human cases. 
 
This study found that a number of common serotypes isolated from humans are present in wildlife 
and natural environments. The low diversity of serotypes in wild mammals and the natural 
environment (D = 0.62 and 0.3, respectively) is consistent with a study that traced an outbreak of S. 
Paratyphi B Java in humans to contaminated playground sand and long-nosed bandicoots (Perameles 
nasuta) in NSW (Staff et al. 2012). The isolation of S. Wangata in wildlife, particularly birds, is 
interesting given that human case notifications of this serotype are rising in NSW (Health Protection 
NSW, unpublished data). This indicates that birds might be a reservoir of S. Wangata, however more 
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research is warranted to test this hypothesis. The importance of birds as reservoirs for Salmonella has 
been described following a number of outbreaks linking Salmonella infection in people with infection 
in wild bird populations (Mather et al. 2016; Lawson et al. 2014; Bloomfield et al. 2017). In Tasmania 
there have been reports of S. Typhimurium DT160 in wild birds and humans (Grillo et al. 2016a), 
however there have not yet been any molecular comparisons between samples obtained from each 
host. Nevertheless, the high proportion of wild bird isolates serotyped as S. Typhimurium in this study 
supports the hypothesis of potential bird to human transmission. In contrast, the absence of S. 
Typhimurium from natural environment samples is interesting given the high frequency of this 
serotype in the majority of other sample categories. This may be explained by the varying survival 
capabilities of different serotypes in the environment (Fatica and Schneider 2011; Andino and Hanning 
2015) and may suggest that certain serotypes are more likely to be derived from an environmental 
source than others. 
 
Pet reptiles have been shown to be an important source of human salmonellosis in the US, Canada, 
UK and Europe (Aiken, Lane and Adak 2010; Bertrand et al. 2008; Mermin et al. 2004; Whitfield et al. 
2017), so the low proportion of highly frequent human serotypes in reptiles was unexpected. This may 
be partially explained by the capability of reptiles to host a wide range of serotypes, including many 
reptile-associated serotypes (Bertrand et al. 2008). This was illustrated in the current study by the high 
index of diversity for wild reptiles (D = 0.97). However, this does not preclude them from carrying the 
serotypes frequently observed in humans, which are often the serotypes associated with reptile-
associated transmission (Whitfield et al. 2017). Another reason for this disparity could be that in NSW 
there are strict regulations for reptile ownership including mandatory licensing from the state 
government and the requirement to purchase pet reptiles from regulated sellers. These factors might 
present a barrier to pet reptile ownership which would reduce the contact between pet reptiles and 
people and therefore the amount of reptile-associated salmonellosis.  
 
These data are not sufficient to estimate the contribution of wildlife to human salmonellosis in NSW. 
Future studies would benefit from consideration of the location of sampled animals because studies 
have shown that wildlife from urban environments are more likely to shed Salmonella than wildlife 
located in more remote locations (Iveson et al. 2014; Handeland et al. 2002; Brobey, Kucknoor and 
Armacost 2017). Similarly, environmental contamination on-farm also has the potential to spill-over 
into naïve wildlife populations (Skov et al. 2008; Pearson et al. 2016; Andrés et al. 2013; Tessier et al. 
2016), so wildlife in proximity to properties may be disproportionately infected. Anthropogenic factors 
− such as waste disposal sites and the presence of wildlife feeding stations − impact on the diet and 
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social interactions of wildlife, which can in turn influence the rate at which wildlife are exposed to and 
transmit pathogens such as Salmonella (Handeland et al. 2002; Fenlon 1983). Greater resolution of 
the relatedness of isolates via whole genome sequencing would also facilitate an improved 
understanding of Salmonella transmission between humans and wildlife.  
 
3.4.1. Limitations 
This study has a number of limitations. Firstly, each data set included in this study consisted of data 
collected for different reasons, during varying time frames and within different systems (Table 3.1.). 
Outbreak investigations are likely to bias the types of samples tested and the number of samples from 
which the outbreak serotype was isolated (e.g. S. Paratyphi B Java). Diagnostic data are likely to miss 
cases because many animals remain asymptomatic during Salmonella infection and companion 
animals, livestock, and captive wildlife that are not subjected to routine pathogen screening will 
therefore be underrepresented. Therefore, the lack of routine surveillance of live animals in NSW − 
and indeed Australia − limits our understanding of Salmonella in domestic species. Secondly, the lack 
of additional epidemiological data made interpretation of some case data difficult. When there was, 
for example, a spike in feline isolates with the same serotype during one year (data not shown), lack 
of additional information meant it was not possible to determine if this was due to an outbreak or an 
increase in testing. Similarly, while clinically diseased animals are not expected to enter the food chain, 
the lack of metadata meant this was not able to be taken into consideration. As the data reflect 
isolates, we cannot rule out the possibility that multiple samples were collected from the same 
individual or site. Finally, inconsistent classification of data (particularly sample type) within and across 
the data sets may have resulted in misclassification. This inconsistency might have led to duplicates 
being included. Alternatively, isolates might have been deemed a duplicate when they were not. Since 
the number excluded (n=863) represents a small fraction (2%) of the total isolates described here, 
exclusion of these isolates is unlikely to change the conclusions. 
 
3.5. Conclusions 
This study integrates Salmonella data from humans, food, livestock, companion animals and wildlife 
for the first time in Australia. We find that surveillance data consist overwhelmingly of human data 
and that other areas are lacking in either data or the appropriate level of molecular screening to 
enable robust source attribution. Nevertheless, we find that, while foodborne transmission was 
strongly supported as a major source of human salmonellosis, alternative pathways such as 
interactions with animals and the environment need further consideration. 
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Chapter four. A One Health investigation of Salmonella enterica serovar Wangata in 
North-Eastern New South Wales, Australia, 2016-2017 
 
Published in: Epidemiology and Infection 2019 147:e150 
 
This chapter details an investigation into the environmental serotype S. Wangata. This is the first 
detailed investigation of  this serotype ever conducted. The investigation was run in collaboration with 
Hunter New England, Mid North Coast and Northern NSW Local Health Districts.  
 
This paper is edited slightly from the version the published version. Specifically, the term ‘serovar’ has 
been substituted with the term ‘serotype’ with the exception of when it is used in the species name, 
as given in the title. Both terms are used in Salmonella literature synonymously. This change was made 
to be consistent with nomenclature used throughout the rest of this thesis.   
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4.1. Introduction  
Salmonella enterica is an important cause of gastrointestinal illness in humans and can be transmitted 
through food, water, animals, the environment and person-to-person (Ford et al. 2016). There are 
approximately 2,500 different serotypes (or serovars) of Salmonella, each with distinct geographical 
and epidemiological characteristics (Grimont and Weill 2007). The majority of human infections with 
Salmonella in Australia have been attributed to foodborne transmission pathways (Vally et al. 2014). 
This is largely driven by the predominance of Salmonella serovar Typhimurium (S. Typhimurium), 
which has commonly been associated with eggs in outbreak investigations (Ford et al. 2016). 
Environmental and zoonotic transmission pathways also play a distinct role in human Salmonella 
infections, particularly in sub-regions of the country where climatic and environmental variations 
appear to have permitted ecological niches for specific serotypes to be established (Murray 1991; Ford 
et al. 2016; Parsons, Bull and Gordon 2015). Salmonella outbreaks in Tasmania, New South Wales 
(NSW) and the Northern Territory have previously been attributed to indirect exposure to native 
animals and animal faeces (Ashbolt and Kirk 2006; Staff et al. 2012; Williams et al. 2015). 
Notifications of human infections with Salmonella serovar Wangata (S. Wangata) have progressively 
increased in NSW over the past decade, from a rate of 0.43 per 100,000 in 2006 to 1.34 per 100,000 
in 2016 (unpublished data, NSW Notifiable Conditions Information Management System, 2006–2016).  
The majority of infections are notified from the north-eastern region of NSW, where S. Wangata is the 
second highest notified serotype after S. Typhimurium. Notifications of S. Wangata remain low in 
other parts of the state, indicating a possible ecological niche in this region. Notified cases of S. 
Wangata are routinely investigated by public health staff in NSW. No common exposures were 
identified in case interviews from 2011 to 2015 (unpublished data, OzFoodNet, Hunter New England 
Population Health). The geo- graphical distribution of cases and the lack of common food exposures 
suggested that transmission of this serotype was more likely to be environmental or zoonotic, rather 
than foodborne.  
We conducted an outbreak investigation in north-eastern NSW from November 2016 to April 2017 to 
elucidate possible environmental and zoonotic transmission pathways for S. Wangata infections. We 
established a One Health investigation team consisting of human health, animal health and laboratory 
experts. We incorporated three elements into the design of our investigation: a case–control study to 
identify human risk factors for infection; animal and environmental sampling to determine if S. 
Wangata was present in the environment; and genomic analysis to explore the relatedness of human, 
animal and environmental isolates.  
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4.2. Methods 
 
4.2.1. Case-control study 
4.2.1.1. Selection of cases 
Cases of S. Wangata were identified from the NSW Notifiable Conditions Information Management 
System (NCIMS). An eligible case was defined as a person residing in the NSW Local Health Districts 
(LHDs) of Hunter New England, Mid North Coast and Northern NSW with a laboratory confirmed 
S. Wangata infection and a stool specimen collection date between 1 November 2016 and 30 April 
2017. These LHDs were selected as they captured the majority (63%) of S. Wangata cases notified in 
NSW between 2011 and 2015. Cases were excluded from the investigation if they: were unable to be 
contacted after six attempts, resided in an institution, required an interpreter, travelled more than 
100km from their home during their incubation period (7 days prior to illness onset), could not recall 
the date their illness began, had a household member with diarrhoea during their incubation period 
(possible secondary case), or if another enteric pathogen was detected in their stool specimen (co-
infection).   
 
4.2.1.2. Selection of controls 
Two control groups were used for this investigation1. The first was based on a case-case methodology 
and consisted of persons with a notified S. Typhimurium infection. S. Typhimurium controls were 
identified from NCIMS and were frequency matched to cases by age group (0–4 years, 5–14 years, 15–
64 years and ≥65 years). The second control group consisted of neighbourhood controls that were 
frequency matched to cases by geographic proximity. Using publicly available geocoded national 
address files (Australian Government Department of Prime Minister and Cabinet 2017) and ArcGIS 
mapping software (ArcGIS Desktop Version 10.5, Environmental Systems Research Institute, Redlands: 
CA, USA), a two kilometre radius was drawn around a case’s residence and all addresses were 
extracted and exported to Microsoft Excel 2016 (Microsoft Corporation, Redmond, USA). Where the 
number of extracted addresses was less than 200, the process was repeated using a five-kilometre 
radius. A random number generator (random.org/integers/) was used to randomly select 20 
addresses within the neighbourhood of each case. A participant letter and questionnaire were mailed 
                                                          
1 The exclusion criteria for controls was the same as for cases. The full questionnaire that was used in this study 
(including exclusion criteria prompts for cases and controls) is available as Appendix G.  
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to the households selected. Households were asked to complete the questionnaire for the person in 
the household who had the next birthday2. 
 
4.2.1.3. Data collection  
Cases and S. Typhimurium controls were interviewed via telephone by public health staff. 
Neighbourhood controls completed a self-administered questionnaire either by mail (reply paid) or 
online using Select Survey (ClassApps, Kansas City: MO, USA).  
 
Data were collected on environmental and zoonotic exposures in the seven days prior to illness onset 
(or in the last seven days for neighbourhood controls) and included: property size, private drinking 
water, home-grown foods, contact with soil or grass at home (such as gardening), outdoor activities 
(such as visiting a park/playground, national park or swimming in natural waterways), and contact 
with animals. Direct and indirect exposure to household pets, livestock and wildlife were captured and 
measured using the following criteria: direct contact was defined as touching or patting the animal or 
having direct contact with animal faeces, whereas indirect contact was defined as being in the same 
environment as the animal without direct contact. 
 
Demographic information, such as age, gender and location, were collected from NCIMS for cases and 
S. Typhimurium controls. Neighbourhood controls were asked to identify their age group. Cases and 
controls were classified as either urban (major cities, inner regional) or rural (outer regional, remote, 
very remote) based on the Australian Standard Geographical Classification Remoteness Areas (2006) 
(Australian Bureau of Statistics 2006). 
 
4.2.1.4. Data analysis 
Crude odds ratios (ORs) and 95% confidence intervals (CIs) were calculated using univariable logistic 
regression. Variables were selected for inclusion in a fixed-effects, multivariable model based on 
statistical significance at p <0.25 in univariable analyses. An initial ‘full’ multivariable model was 
constructed. Non-statistically significant variables (p >0.05) were removed sequentially from the 
                                                          
2 Sample size was estimated using a ratio of 1:2 cases to controls.  It was estimated that a minimum sample size 
of 140 (47 cases, 93 controls) was needed in order to detect an odds ratio of 2.8 with a two-sized confidence 
level of 95% and power of 80%. Since population exposure to native animals in Australia is unknown, ownership 
of a pet dog was used to calculate exposure. A hypothetical exposure of 64% among cases and 39% among 
controls was estimated using OpenEpi, Version 3, open source calculator. The estimated exposure among cases 
was considered reasonable based on case responses to interviews between 2014 – 2016 (60% ownership). 
Control exposure estimates were based on population dog ownership statistics from the 2013 Animal Health 
Alliance of Australia survey. 
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model using a backward stepwise approach. Likelihood ratio tests were used to determine whether 
the removed variable was significantly contributing to the model (p <0.05). The final, main-effects 
model included significantly contributing variables, along with potential confounders (age, rural 
locality, and sex where available). Plausible interaction terms were examined. Model fit was assessed 
using the Hosmer-Lemeshow and Pearson goodness-of-fit tests, the area under the Receiver 
Operating Characteristic (ROC) curve and by examining model residuals.  
 
Fixed-effects, multivariable logistic regression models were constructed for each control group 
separately. Neighbourhood control data were also analysed using a random effects model in order to 
detect any geographic clustering in the data. Questionnaire data were entered and managed in 
REDCap (Harris et al. 2009). Data were analysed using Stata version 14.1 (StataCorp LP, College Station, 
TX, USA). 
 
4.2.2. Environmental and animal sampling 
4.2.2.1. Cases’ residences 
Environmental samples were collected from the outdoor areas of cases’ residences who provided 
consent during interviews and who were identified as having either an outdoor environment (as 
opposed to an apartment building) or pets present. Target samples included water, soil and voided 
animal faecal samples from pets, livestock and wildlife. Samples were collected using faecal specimen 
jars and were individually bagged to prevent cross contamination. Samples were sent to the University 
of Sydney for culture within 24 hours and were kept chilled during transport. 
 
4.2.2.2. Wildlife rehabilitation centres 
Wildlife in rehabilitation centres within the same geographical region as human cases were sampled. 
The use of wildlife-in-care as a proxy for pathogen surveillance of free ranging populations has been 
previously illustrated (Camacho et al. 2016). Swabs were used to collect faecal specimens either by 
direct swabbing of the animal or by collecting freshly voided faeces. Samples were sent to the 
University of Sydney for culture. 
 
4.2.3. Laboratory analysis 
4.2.3.1. Salmonella isolation and serotyping 
All human isolates with a presumptive Salmonella isolation by pathology service providers in NSW are 
confirmed by the NSW Enteric Reference Laboratory at the Centre for Infectious Diseases and 
Microbiology Laboratory Services (CIDMLS), NSW Health Pathology at Westmead (Phillips et al. 2016). 
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Isolates underwent confirmatory testing and then were serotyped using the White-Kauffmann-Le 
Minor scheme (Grimont and Weill 2007). 
 
For each environmental sample, a sterile swab was used to probe the sample until the swab tip was 
coated. Swab tips were then broken off into buffered peptone water (Interpath Services, Australia) 
for pre-enrichment and incubated at 37°C for 18 ± 2 hours. 0.1ml of solution was transferred to 9.9ml 
of Rappaport Vassilidas Broth (Merck, Australia) and incubated at 42°C 18 ± 2 hours. The broth was 
streaked onto XLD agar (Edwards, Australia) and incubated for 18 ± 2 hours at 37°C. Individual suspect 
colonies were streaked onto Brilliant Green agar (Edwards, Australia) and incubated for 18 ± 2 hours 
at 37°C. Positive colonies were then confirmed using a RapID biochemical ID test (Thermo Fisher 
Scientific, Australia). If positive, an individual colony was sub cultured onto nutrient agar (Edwards, 
Australia) and forwarded to CIDMLS for serotyping using the White-Kauffmann-Le Minor scheme 
(Grimont and Weill 2007). 
 
4.2.3.2. DNA sample preparation 
For all S. Wangata isolates, a single colony was sub cultured on a blood agar plate at 37oC for 24 h. The 
fresh colonies were collected and suspended in PBS and proceeded to genomic DNA extraction using 
a manual extraction kit (Presto™ Mini gDNA Bacteria Kit, Geneaid) following the manufacturer’s 
instructions. DNA quality was checked through an Allsheng Nano-300™ Micro Spectrophotometer 
(HangZhou Allsheng Instrument CO., LTD). The DNA concentration was measured using a Quant-iT™ 
PicoGreen™ dsDNA Assay Kit (Thermo Fisher Scientific) on a fluorescence reader (Victor plate reader, 
PerkinElmer).  
 
4.2.3.3. Genome sequencing 
A 150 bp paired-end library was prepared for each extracted genomic DNA sample using the Nextera 
XT library prep kit and the Index set (Illumina). Quality control of the libraries was performed by 
assessing library size distribution on an Agilent 2200 Tapestation (Agilent Technologie) with fragment 
sizes ranged between 250–1000 bp and libraries were quantified by real time PCR using a KAPA library 
quantification kit according to the manufacturer’s protocol (Roche). 150 bp paired-end reads were 
generated using a Nextseq500 platform (Illumina) at CIDMLS and the Centre for Infectious Diseases 
and Microbiology – Public Health, NSW Health Pathology at Westmead. The sequence data quality 
was checked using FastQC (www.bioinformatics.babraham.ac.uk/projects/fastqc). 
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4.2.3.4. Single nucleotide polymorphism (SNP) analysis 
Sample reads were trimmed using Trimmomatic 0.36 (Bolger, Lohse and Usadel 2014) to remove trail 
end bases with a phred score less than 33. The reads from each isolate were aligned against the core 
genes of Salmonella3 (Leekitcharoenphon et al. 2012) using Snippy 3.1 (github.com/tseemann/ 
snippy). A maximum-likelihood SNP tree was built using FastTree 2.1.9 (Price, Dehal and Arkin 2010), 
which estimates pairwise distances using the Jukes-Cantor model. The Shimodaira-Hasegawa test was 
used on all three alternate topologies around each split, using the CAT approximation and 1000 
resamples. 
 
In order to assess the diversity across the whole genome, a reference S. Wangata genome was 
assembled. The sample reads were imported into CLC Genomics Workbench 10.1.1 (CLC bio, Aarhus, 
Denmark) and assessed for quality. The isolate with the highest performing quality parameters (16-
SWA-004) was selected for de novo assembly which was performed using the de novo assembly tool 
in CLC. The resulting contigs were ordered in ABACAS (Assefa et al. 2009) using S. Sloterdijk ATCC 
15791 as a reference (NCBI GenBank Accession No. CP012349.1) which was selected based on a BLAST 
search of the larger contigs. The output from ABACAS was compared back to the reference genome 
using ACT (Carver et al. 2008) and was visually inspected for ordering errors. The ordered contigs were 
then joined using 12 iterations of IMAGE (Tsai, Otto and Berriman 2010). Annotations from S. 
Sloterdijk were transferred to the S. Wangata reference using RATT (Otto et al. 2011). This sequence 
was then used as a reference for read mapping and SNP calling and a second SNP tree was built as 
described above. SNP differences were calculated using snp-dists 0.6 (github.com/tseemann/snp-
dists). 
 
4.2.4. Ethics approval 
This investigation was approved by the Hunter New England Local Health District Human Research 
Ethics Committee (LNR/16/HNE/485, granted 1 November 2016), with additional site-specific 
approval from the Mid North Coast, Northern NSW and Western Sydney Local Health Districts. Human 
ethics approval was also granted from the Australian National University (2016/605, granted 2 
December 2016). Animal ethics approval was granted from the University of Sydney (2016/1076, 
granted 16 November 2016). 
4.3. Results 
 
                                                          
3 The core genome refers to a publicly available set of highly regulated housekeeping genes. Further details of 
the core Salmonella genome are available via the cited publication.  
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4.3.1.Case-control study 
In total, 76 cases of S. Wangata infection were notified during the investigation period. Of these cases, 
48 were eligible to participate and were enrolled. Twelve cases were unable to be contacted and 16 
cases met one or more exclusion criteria. No case refused to participate. Seventy S. Typhimurium 
controls were identified during the same period. Fifty-seven S. Typhimurium controls were eligible to 
participate and 55 agreed to participate (81%). We had a response rate of 20% (213/1,040) for 
neighbourhood controls. Of those who responded, 61% (130/213) were eligible to participate and 
were enrolled.  
 
Table 4.1. Demographic characteristics of S. Wangata cases and control groups, north-eastern New 
South Wales, November 2016 - April 2017  
  
S. Wangata  
Cases   
S. Typhimurium 
controls   
Neighbourhood 
controls* 
  No. %   No. %   No. % 
Age (years)         
Median (range) 55 (0-88)   29 (2-83)   - - 
0-4 11 23  11 20  2 2 
5-14 3 6  6 11  4 3 
15-64 17 35  31 56  64 49 
≥65 17 35  7 13  60 46 
Sex         
Male 26 54  31 56  - - 
Female 22 46  24 44  - - 
Local Health District         
Hunter New England 6 13  33 60  9 7 
Mid North Coast 11 23  8 15  26 20 
Northern NSW 31 65  14 25  95 73 
Location         
Urban 36 75  40 73  98 75 
Rural 12 25  15 27  32 25 
Hospitalisation         
Hospitalised 20 42  14 25  - - 
Median length of stay (days) 4.5 (1-10)   2 (1-6)   - - 
TOTAL 48     55     130   
*Neighbourhood controls asked to report age group only. 
 
The median age of S. Wangata cases was 55 years (range 3 months – 88 years). Cases were evenly 
distributed by sex (Table 4.1.). Age groups varied between control groups, with S. Typhimurium 
controls having a younger median age while neighbourhood controls tended to be older (Table 4.1.). 
Cases were no more likely to live in rural areas compared to controls (Table 4.1.). The majority of S. 
Wangata infections were notified from the Northern NSW LHD (65%). A slightly higher proportion of 
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S. Wangata cases were hospitalised (42%) compared to S. Typhimurium controls (25%), however this 
was not statistically significant (X2=3.05 df=1, p 0.081) (Table 4.1.). 
 
4.3.1.1. Univariable analysis 
The results from univariable analyses are shown in Table 4.2. While data on direct and indirect contact 
with animals were collected, direct contact results are not presented due to low numbers (≤15%) of 
cases and controls reporting direct contact with animals (with the exception of pet cats and dogs).  
Property exposures and outdoor activities were not generally identified as being associated with 
S. Wangata infection in univariable analyses. The only association that was statistically significant 
(p <0.05) was visiting a park or playground when compared to neighbourhood controls (Table 4.2.). 
Similarly, pet contact was not generally associated with S. Wangata infection, with the exception of 
indirect contact with pet cats which was statistically significant when compared to neighbourhood 
controls. Although direct contact with pet dogs was high among cases and both control groups (63%, 
67% and 48% respectively), it was not significantly associated with illness. No cases reported contact 
with pet reptiles (turtles, lizards or snakes) during their incubation period (Table 4.2.). Contact with 
livestock was low. The only livestock association with S. Wangata infection that was statistically 
significant was indirect contact with horses when compared to neighbourhood controls (Table 4.2.).  
There were a number of significant associations (p <0.05) with indirect contact to wildlife in 
univariable analyses. Indirect contact with ibises, bats/flying foxes, wild frogs and wild lizards were 
significantly associated with illness when compared to S. Typhimurium controls. Indirect contact with 
kangaroos, bandicoots, ibises, seagulls, ducks, wild birds, bats/flying foxes, wild frogs, wild snakes and 
wild lizards were significantly associated with illness (p <0.05) when compared to neighbourhood 
controls (Table 4.2.). 
 
4.3.2. Environmental and animal sampling 
Of the 48 cases, 24 (50%) agreed to environmental sampling and met the sampling criteria. S. Wangata 
was isolated from samples collected in the outdoor environment of four cases’ residences. A summary 
of the environmental sample results is provided in Table 4.4. Due to the time required for cases’ illness 
presentation, specimen testing and notification to health departments, there was a delay between 
cases’ illness onset (diarrhoea) and the date that samples were collected. The median time between 
cases’ onset of illness and sample collection was 31 days (range 18–59 days). For the four cases where 
S. Wangata was found in cases’ outdoor environments, the median time between illness onset and 
sample collection was 34.5 days (range 28–42 days).  
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Table 4.2. Univariable logistic regression of exposures associated with S. Wangata infection, north-eastern New South Wales, November 2016 - April 2017 
  Cases (n = 48)   S. Typhimurium controls (n = 55)     Neighbourhood controls (n = 130)   
Variables No. %   No. % OR 95% CI 
p 
value   No. % OR 95% CI p value 
Property exposures               
Property size               
1/4 acre or less 31 65  36 65 Reference  83 64 Reference 
>1/4 acre to 5 acres 10 21  7 13 1.66 0.56-4.88 0.358  21 16 1.27 0.54-3.01 0.579 
>5 acres 7 15  12 22 0.68 0.24-1.93 0.467  24 18 0.78 0.31-1.99 0.605 
Private water supply 17 35  22 40 0.82 0.37-1.83 0.633  45 35 1.01 0.51-2.02 0.974 
Grow fruit trees 22 46  19 35 1.60 0.72-3.55 0.244  63 48 0.87 0.45-1.70 0.689 
Grow nut trees 4 8  6 11 0.74 0.20-2.80 0.660  22 17 0.43 0.14-1.33 0.145 
Grow vegetables or herbs 23 48  23 42 1.28 0.59-2.79 0.535  73 56 0.69 0.36-1.35 0.281 
Ate home grown food 9 19  9 16 1.22 0.44-3.40 0.701  57 44 0.31 0.14-0.69 0.004 
Outdoor activities               
Contact with soil or grass 28 58  34 62 1.01 0.90-1.13 0.876  96 74 1.01 0.98-1.04 0.624 
Visited park or playground 16 33  21 38 0.79 0.35-1.78 0.564  21 16 2.56 1.19-5.49 0.016 
Visited national 
park/reserve 4 8  4 7 1.09 0.26-4.63 0.906  14 11 0.73 0.23-2.33 0.592 
Contact with natural 
waterways 13 27  19 35 0.68 0.29-1.60 0.380  32 25 1.09 0.51-2.32 0.820 
Swam in a pool 10 21  15 27 0.72 0.29-1.80 0.484  14 11 2.14 0.88-5.23 0.094 
Pet contact               
Pet dog*               
Direct 30 63  37 67 0.76 0.32-1.78 0.529  62 48 1.54 0.76-3.14 0.232 
Indirect 2 4  3 5 0.63 0.09-4.28 0.632  10 8 0.64 0.13-3.22 0.586 
Pet cat*               
Direct 12 25  16 29 0.89 0.36-2.20 0.799  27 21 1.27 0.56-2.85 0.566 
Indirect 9 19  5 9 2.13 0.64-7.13 0.219  5 4 5.13 1.58-16.67 0.006 
Pet bird 5 10  4 7 1.46 0.37-5.81 0.588  10 8 1.02 0.33-3.19 0.967 
Pet chicken 5 10  8 15 0.57 0.17-1.88 0.352  10 8 1.04 0.33-3.22 0.952 
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Pet fish 2 4  5 9 0.43 0.08-2.31 0.323  9 7 0.42 0.09-2.05 0.286 
Pet turtle 0 0  0 0 - - -  0 0 - - - 
Pet snake 0 0  0 0 - - -  0 0 - - - 
Pet lizard 0 0  1 2 - - -  1 1 - - - 
Livestock contact               
Cow 5 10  8 15 0.64 0.19-2.12 0.465  8 6 1.60 0.49-5.18 0.432 
Sheep 0 0  3 5 - - -  1 1 - - - 
Horse 4 8  1 2 4.65 0.50-43.21 0.176  1 1 10.23 1.11-94.17 0.040 
Goat 0 0  1 2 - - -  1 1 - - - 
Alpaca 0 0  0 0 - - -  13 10 - - - 
Pig 0 0  2 4 - - -  1 1 - - - 
Chicken 1 2  2 4 0.53 0.05-6.06 0.611  13 10 0.17 0.02-1.30 0.087 
Wildlife contact               
Kangaroo 13 27  13 24 1.20 0.49-2.92 0.688  13 10 2.94 1.25-6.95 0.014 
Quoll 2 4  0 0 - - -  0 0 - - - 
Possum 8 17  13 24 0.62 0.23-1.65 0.333  9 7 2.36 0.85-6.53 0.100 
Bandicoot 9 19  8 15 1.33 1.47-3.79 0.591  8 6 3.20 1.15-8.88 0.026 
Ibis 16 33  7 13 3.43 1.27-9.27 0.015  14 11 3.68 1.62-8.35 0.002 
Seagull 10 21  7 13 1.80 0.63-5.19 0.273  4 3 7.37 2.18-24.87 0.001 
Duck 16 33  16 29 1.22 0.53-2.81 0.643  18 14 2.75 1.26-6.01 0.011 
Wild bird 38 79  42 76 1.11 0.41-2.96 0.841  28 22 12.67 5.45-29.43 <0.001 
Bat/flying fox 30 63  21 38 2.86 1.26-6.48 0.012  18 14 10.21 4.64-22.45 <0.001 
Wild frog 23 48  15 27 2.39 1.05-5.44 0.038  21 16 4.03 1.93-8.43 <0.001 
Wild snake 15 31  16 29 1.08 0.46-2.51 0.859  10 8 4.50 1.84-10.98 0.001 
Wild lizard 32 67   25 45 2.24 1.00-5.02 0.050   18 14 10.33 4.72-22.64 <0.001 
OR, crude odds ratio; CI, confidence interval. 
Variables with p <0.25 in univariable analysis were included in multivariable models. 
*Direct contact results shown for pet dogs and cats only. Indirect contact only shown for all other animals as direct contact was low (≤15%). 
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Of the 14 wildlife rehabilitation centres approached by the investigation team, nine participated by 
submitting samples. Of the 48 samples received, S. Wangata was isolated in samples submitted by 
two of the wildlife rehabilitation centres, yielding a total of four positive animals: two green sea turtles 
(Chelonia mydas), an Australian pelican (Pelecanus conspicillatus) and a black swan (Cygnus atratus) 
(Table 4.5.). A detailed list of wildlife species sampled during the investigation is provided in Appendix 
J. 
 
Table 4.3. Multivariable logistic regression models of exposures associated with S. Wangata 
infection, north-eastern New South Wales, November 2016 - April 2017 
Exposure variable aOR 95% CI p-value 
Model 1: S. Typhimurium Controls  
Pet chicken (direct contact) 0.09 0.01-0.94 0.044 
Pet chicken (indirect contact) 0.57 0.15-2.16 0.405 
Bat/flying fox (indirect contact) 2.61 1.06-6.42 0.037 
Wild frog (indirect contact) 3.59 1.32-9.75 0.012 
Model 2: Neighbourhood Controls    
Grow nut trees 0.08 0.01-1.00 0.050 
Ate home grown food 0.30 0.09-1.00 0.050 
Bat/flying fox (indirect contact) 8.33 2.58-26.83 <0.001 
Wild bird (direct contact) 1.50 0.12-19.20 0.755 
Wild bird (indirect contact) 6.93 2.29-21.00 0.001 
aOR = adjusted odds ratio; CI = confidence interval 
 
Table 4.4. Salmonella isolated from outdoor areas at cases' residences 
Sample Type No. samples No. positive Serovar (no. isolated) 
Environment    
Compost 2 2 S. Wangata (1), S. Kiambu (1) 
Soil/leaf litter 58 2 S. Birkenhead (2) 
Food 1 0  
Fruit/tree nut 14 0  
Sand 2 0  
Water 46 0  
Faeces    
Companion 30 2 S. Wangata (1a), S. Birkenhead (1b) 
Livestock 5 0  
Wildlife 24 3 S. Wangata (3c)   
TOTAL 182 9   
aDog (W27), bDog (W45), c Suspected bandicoot (W07), Suspected brush turkey (W36), Suspected wild bird (W36) 
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Table 4.5. Salmonella isolated from wildlife in rehabilitation centres 
Sample Origin No. Species 
No. 
Samples 
No. 
Positive Serovar (no. isolates) 
Mammals 8 23 2 S. Bovismorbificans (1 a), S. Kottbus (1 b) 
Birds 11 17 4 S. Wangata (2 c, d), S. Bovismorbificans (1e), S. Chailey 1f) 
Reptiles 5 8 2 S. Wangata (2g) 
TOTAL 24 48 8   
aGould’s long-eared microbat (Nyctophilus gouldi), bCommon wombat (Vombatus ursinus), c Australian pelican 
(Pelecanus conspicillatus), dBlack swan (Cygnus atratus), eMagpie (Gymnorhina tibicen), fTawney Frogmouth 
(Podargus strigoides), gGreen sea turtle (Chelonia mydas) 
 
4.3.3. Phylogenomic analysis of human, animal and environmental isolates 
There were 84 S. Wangata isolates sequenced, compried of isolates obtained from humans (n=75), 
case residence (wildlife) (n=3), case residence (other) (n=2) and wildlife rehabilitation centres (n=4).  
Within the genomes of S. Wangata isolates there were 541 variable sites and 395 core SNPs. Figure 
4.1. shows the phylogenetic SNP tree for all the S. Wangata isolates using the assembled S. Wangata 
as reference. The average pairwise SNP distance was 5.531x106. One isolate (W58) showed greater 
SNP variation than all others with an average SNP difference of 83. When this sample was excluded 
the median SNP difference between all remaining isolates was 24 (range 6–48 SNPs), indicating the 
remaining isolates were relatively clonal. 
 
There was no distinct clustering by time of isolation or geospatial location (Figure 4.1.). Of the four 
cases where S. Wangata was recovered from the outdoor environment of cases’ residences, two 
isolates had a low number of SNP differences in relation to the associated human isolates (seven SNPs 
[W08 and W08S05 – compost] and eight SNPs [W27 and W27S10 – dog]). By comparison, isolates 
recovered from wildlife scats in the outdoor environment of cases’ residences showed a greater 
number of SNP differences (31 SNPs [W07 and W07S09], 22 SNPs [W36 and W36S01] and 32 SNPs 
[W36 and W36S09]). Wildlife isolates were clustered by rehabilitation centre (Figure 4.1.). 
 
4.4. Discussion 
 
This is one of the first reported investigations in Australia to conduct an outbreak investigation of an 
environmental Salmonella serotype utilising both epidemiological and high-resolution genomic data. 
S. Wangata was isolated from the outdoor environments of cases’ residences, as well as from wildlife  
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Figure 4.1. Unrooted maximum-likelihood phylogeny of S. Wangata isolates from human cases 
(n=75) and environmental and animal samples (n=9) collected in Hunter New England, Mid North 
Coast and Northern NSW Local Health Districts, November 2016 to April 2017. Case residence 
(other) includes isolates recovered from the environment and animal faeces (exclusive of wildlife) 
in outdoor areas of cases’ residences. Branch lengths correspond to SNP distances which were 
calculated using the Jukes-Cantor model.  
 
in rehabilitation centres, providing further evidence that this serotype likely has an environmental 
source. Indirect exposure to bats/flying foxes, wild frogs and wild birds were identified as risk factors 
for S. Wangata infection in the case-control study; however, samples were not collected from 
bats/flying foxes or frogs during the investigation and therefore these associations could not be 
explored through microbiological testing. Further investigation is required to confirm environmental 
and animal reservoirs. 
 
Whilst bats/flying foxes are known vectors for viral pathogens in Australia, their carriage of bacterial 
pathogens is less well understood. In a recent study in Melbourne, Australia, Salmonella DNA was 
detected from two flying fox colonies and a daily load of 4 x 106 organisms per colony was estimated 
(Henry et al. 2018). However, this study was only able to identify Salmonella enterica species and was 
unable to calculate the risk to human health. Further studies examining the bacterial microflora of 
flying fox faeces to determine the prevalence of Salmonella enterica serotypes would be valuable.  
 
Wild frogs have been previously associated with indirect transmission of Salmonella to humans via 
contaminated environments and water, particularly in northern tropical areas of Australia (Taylor et 
al. 2000; Williams et al. 2015). In addition, wild birds can often be found in human-dominated 
landscapes and may act as an important vector for bidirectional transmission of Salmonella in 
Australia (Hilbert et al. 2012). Our investigation detected S. Wangata in waterfowl (pelican and black 
swan) and a recent study detected S. Wangata in a shorebird (silver gull) (Dolejska et al. 2016), 
suggesting that water may play a role in the transmission of this serotype. Contact with household 
pets was not identified as a significant risk factor for S. Wangata infection in our investigation. 
However, Salmonella was isolated from two pet dog faecal samples collected in the investigation, one 
of which was serotyped as S. Wangata (W27S10) and shared a close phylogenetic relationship with 
the human case from the same residence (W27). Dogs and other household pets may act as 
bidirectional vectors for environmental Salmonella serotype due to their interactions with both the 
environment and humans (Hilbert et al. 2012). In our investigation, both dogs from which Salmonella 
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was isolated showed no signs of illness; this is consistent with a study in the UK that found healthy 
dogs can shed Salmonella sub clinically (Lowden et al. 2015). Whilst we cannot rule out that the owner 
and pet dog were both exposed to the same environmental source, transmission of Salmonella from 
household pets to owners has been identified in other studies (Taylor and Philbey 2010; Tauni and 
Österlund 2000; Sato et al. 2000) and the potential risk of this transmission pathway should be 
included in public health messaging.  
 
We did not find an epidemiological association between S. Wangata infection and contact with 
livestock, property size or use of a private water supply. In addition, Salmonella was not detected in 
any of the water samples collected from cases’ residences. These findings are in contrast to previous 
studies that have implicated drinking water as a vehicle of infection for other Salmonella serotypes 
(Taylor et al. 2000; Ashbolt and Kirk 2006). Outdoor activities and contact with soil or grass were also 
not identified as significant risk factors in our investigation. However, Salmonella serotypes Wangata, 
Birkenhead and Kiambu were identified in soil/compost samples collected from cases’ residences, 
indicating that contaminated soil may be a plausible transmission pathway in some instances. 
 
We found that the odds of direct exposure to pet chickens, as well as growing nut trees and eating 
home grown foods, were significantly lower among S. Wangata cases compared to the respective 
control groups in the multivariable analysis. However, these behaviours are not biologically plausible 
protective factors for environmental Salmonella transmission.  
 
We found S. Wangata isolates were relatively clonal overall, with fewer SNP differences between 
isolates when compared to other environmental Salmonella investigations that included isolates from 
both humans and animals (Bloomfield et al. 2017; Mather et al. 2016). The average number of SNPs 
(24) was also lower than the average observed in a recent investigation of sporadic S. Enteriditis 
(Taylor et al. 2015), however the S. Enteritidis isolates were obtained over a longer time period. 
Indeed, the short time-period during which samples were collected could have inflated the perceived 
clonality of these isolates. One theory explaining the clonal nature of isolates could be that the cases 
were linked via a common wildlife reservoir as recorded in past outbreaks (Bloomfield et al. 2017; 
Staff et al. 2012). Wildlife scats collected from the environment of cases’ residences did not appear to 
have a close phylogenetic relationship with the associated human cases. This may be attributed, in 
part, to the delay between case illness onset and environmental sampling, during which time the 
wildlife species in the cases’ environments may have changed. The fact that S. Wangata was isolated 
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from wildlife scats in the cases’ environment suggests that wildlife may be a vehicle for transmission 
in some instances. 
 
There are a number of strengths and limitations in our investigation. Prior to this investigation, there 
was limited genomic information available on the S. Wangata serotype. Through the assembly of an 
S. Wangata isolate, we were able to compare across the whole genome and include regions that may 
be unique to this serotype. This assembly is an important contribution to future epidemiological and 
genomic studies on S. Wangata.   
 
A further highlight was the strength of multidisciplinary collaboration between partner organisations. 
By adopting a One Health approach, we were able to better investigate the interactions at the human-
animal-environmental interface.  
 
The inclusion of two control groups provided benefits in relation to recall bias (S. Typhimurium 
controls) and representativeness (neighbourhood controls). Having both control groups enabled us to 
more accurately interpret risk factors for S. Wangata infections. Due to low numbers of 
S. Typhimurium notifications during the investigation period we were only able to obtain small 
numbers of controls in some age groups. Age was adjusted for in the multivariable model, however 
statistical precision may have been lost in relation to age due to the small sample. For neighbourhood 
controls, we applied a self-randomisation method within households (completing the questionnaire 
for the person with the next birthday). However, we did not collect information on household size or 
apply weighting in this regard. Our data may have been influenced by single-person households, which 
reduced the proportion of responses for younger persons (<15 years). Sex was not collected for 
neighbourhood controls in our investigation. Historically, S. Wangata cases have been equally 
distributed by sex and we found that it was not a significant predictor in the S. Typhimurium model.  
We encountered some issues in the collection of environmental samples in our investigation. The 
delay between cases’ onset of illness and the date of environmental sample collection may have 
reduced our ability to detect Salmonella. Whilst Salmonella can survive well in dry environmental 
conditions, rainfall may have removed contaminates. Major flooding in the north-eastern NSW region 
during our investigation period reduced access to some residences for sampling and prevented 
participation by some wildlife rehabilitation centres, thereby reducing the number of environmental 
samples collected. In addition, the lack of samples from bats/flying foxes and wild frogs meant we 
were unable to compare the epidemiological findings with samples from these animals. 
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4.5. Conclusion  
In summary, our results indicate that S. Wangata may have a reservoir in wildlife populations in north-
eastern NSW with important implications for animal and human health in Australia. However, 
transmission pathways from wildlife to humans remain unclear from epidemiological and genomic 
analyses. Further research into the occurrence of Salmonella among wildlife groups − particularly 
bats/flying foxes, wild frogs and wild birds − would be useful to enhance our understanding of the 
sources of S. Wangata.  
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Chapter five. Genomic characterisation of Salmonella enterica serovar Wangata 
isolates from New South Wales, Australia  
 
 Submitted for publication in Microbial Genomics 
 
The S. Wangata isolates obtained during the investigation detailed in the previous chapter are 
characterised using whole genome sequencing in this chapter. These are the first S. Wangata isolates 
in Australia to undergo whole genome sequencing. This is also the first Australian investigation to 
sequence Salmonella isolates obtained from humans, food, domestic animals, wildlife and the 
environment, in the same investigation.  
 
Australian S. Wangata sequences analysed in this study can be found under the study accession 
number PRJEB30345. Individual accession numbers are provided in Appendix K.   
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5.1. Introduction 
Salmonella enterica is a Gram-negative bacterium associated with a wide range of disease outcomes 
in humans, domestic animals and wildlife. Salmonella infections vary from asymptomatic colonisation 
to gastroenteritis or severe, systemic disease (Langridge, Wain and Nair 2012; Sanderson et al. 2013). 
The disease outcome is determined by the pathogenicity and host specificity of the Salmonella 
serotype, as well as factors such as age and immune status of the infected host (Sanderson et al. 2013). 
As with other enteric pathogens, Salmonella is also capable of surviving in a range of different non-
host environments (Nicholson, Groves and Chambers 2005; Berger et al. 2010).  
 
Salmonella is a major cause of gastroenteritis in the Australian state of New South Wales (NSW). In 
2017, the incidence was 41.7 notified cases per 100,000 people (NNDSS 2019). The most commonly 
isolated serotype is S. Typhimurium, which is responsible for almost half the salmonellosis cases 
notified in NSW (OzFoodNet 2015). Salmonellosis is predominately transmitted via a food source 
(OzFoodNet 2015), however non-foodborne exposures such as contact with animals, environment and 
water are also important sources of Salmonella infections in humans (Staff et al. 2012; Fitzgerald 
2015).  
 
S. Wangata is an important serotype in NSW. The incidence of S. Wangata has been increasing 
(Fitzgerald 2015) and in 2016 it was the sixth most frequently isolated serotype in humans in NSW 
(NNDSS 2019). During a recent epidemiological investigation, 40% of cases were hospitalised (Collins 
et al. 2019) raising concerns about the potential virulence of S. Wangata. Preliminary investigations 
have been unable to identify a common food source and it is hypothesised that this serotype is 
primarily transmitted via an environmental route (Fitzgerald 2015). Despite the public health 
importance of S. Wangata, there is limited understanding of its key genomic characteristics that are 
needed to implement measures of control and prevention. 
 
Overseas, genomic investigations have revealed valuable insights into environmentally-acquired 
Salmonella. For example, a study in New Zealand was able to hypothesise that an environmental strain 
of S. Typhimurium was first introduced between 1996–1998, with bidirectional transmission occurring 
between humans and animal hosts (Bloomfield et al. 2017). Other studies have used genomics to 
describe antimicrobial resistance (AMR) and pathogenicity genes (Mather et al. 2016; Abd El Ghany et 
al. 2016). Whole genome sequencing (WGS) is being increasingly used for investigations of Salmonella 
in NSW (Thompson et al. 2017), however the genome of S. Wangata has not yet been described. In 
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addition, WGS has been rarely applied in the context of wildlife isolates, resulting in a limited 
understanding of the genomic properties of Salmonella in Australian wildlife.  
 
Here we used WGS and comparative genomics to characterise and describe 90 S. Wangata isolates 
recovered from different sources in NSW, Australia. Our aim was to understand the diversity of 
S. Wangata isolates circulating during the study period and to determine the relatedness between the 
isolates associated with human infections and those recovered from other sources.  
5.2. Methods 
 
5.2.1. Isolation of S. Wangata 
Ninety Australian S. Wangata isolates were included in this study. Isolates were cultured from humans 
(n=77), wildlife (n=7), a companion animal (n=1) and compost (n=1) during an investigation of this 
serotype between November 2016 and May 2017 in various locations across north-eastern NSW 
(Collins et al. 2019). An additional four isolates were included from routine surveillance of food (n = 3) 
and humans (n = 1).  
 
All human isolates were obtained from stool specimens. Wildlife and companion animal samples were 
either faecal samples or cloacal swabs. The companion animal, a pet dog, was asymptomatic at the 
time of sampling. Of the wildlife isolates, three were collected from free ranging animals and four 
were in care. Clinical histories were available for two of the animals in care and neither indicated any 
signs relating to salmonellosis. The accession numbers and details, including Quality Control 
information, of the S. Wangata isolates used in this study can be found in Appendix K.  
 
5.2.2. Preparation of Illumina sequencing libraries 
Genomic DNA was extracted from each S. Wangata isolate using a manual extraction kit (Presto™ Mini 
gDNA Bacteria Kit, Geneaid). Sequencing libraries with a 150 bp insert size were prepared using a 
Nextera XT library prep kit and the Index set (Illumina). Libraries were sequenced on an Illumina 
NextSeq500 platform (Illumina) at the Centre for Infectious Diseases and Microbiology Laboratory 
Services and the Centre for Infectious Diseases and Microbiology – Public Health (CIDM-PH), NSW 
Health Pathology at Westmead. 
 
5.2.3. Phylogenomic analysis  
A core single-nucleotide polymorphism (SNP) tree of all S. Wangata isolates, all publicly available 
reference Salmonella genomes, and seven draft genomes of serotypes of interest was constructed. 
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Isolates were compared across the core genome because this region includes highly conserved genes 
and is less susceptible to erroneous identification of SNPs and misclassifications of phylogeny due to 
mobile elements (Pettengill et al. 2014). The serotypes of interest consisted of: serotypes commonly 
isolated from human samples in NSW (S. Birkenhead, S. Bovismorbificans, S. Infantis); serotypes 
isolated from wildlife during the environmental investigation of S. Wangata (S. Birkenhead, S. 
Bovismorbificans, S. Chailey, S. Kiambu, S. Kottbus)(Collins et al. 2019); and a serotype in Australia 
primarily transmitted from environmental sources (S. Mississippi). All S. Wangata and publicly 
available genomes were included in this analysis as raw reads. The details of reference genomes are 
given in Appendix L.  
 
Reads were trimmed using Trimmomatic 0.36 (Bolger, Lohse and Usadel 2014) to remove trailing end 
bases with a phred score <33. Snippy 3.1 (https://github.com/tseemann/snippy) was then used to 
identify SNPs and align the trimmed reads against the core genes of Salmonella enterica 
(Leekitcharoenphon et al. 2012). The pairwise distances were estimated using the Jukes-Cantor model 
with FastTree 2.1.9 (Price, Dehal and Arkin 2010) and a maximum-likelihood SNP tree was constructed. 
To further investigate the phylogeny within the S. Wangata serotype, a second SNP tree comparing 
just the S. Wangata isolates was subsequently constructed using the method described above. The 
core genome did not provide sufficient discrimination between these isolates, therefore the 
previously constructed draft genome of S. Wangata, as described in Chapter 4, was used as the 
reference for the S. Wangata phylogeny. Due to the high level of relatedness between the Australian 
S. Wangata isolates, individual SNPs used to develop the S. Wangata phylogeny were identified and 
characterised.  
 
5.2.4. In silico typing 
For each S. Wangata isolate the multi-locus sequence type (MLST) was extracted from the sequencing 
data using the MLST 2.0 database (Larsen et al. 2012). MLST types were then used to determine the 
eBURST group by searching for the MLST type in the EnteroBase database (Achtman et al. 2012). In 
silico serotyping was performed using SeqSero 1.2 (Zhang et al. 2015) 
 
5.2.5. Characterisation 
To investigate if the samples were H2S-producing, raw reads were mapped against the Salmonella 
Typhimurium phs operon (L32188) (Heinzinger et al. 1995). SNPs were manually examined for 
coverage and classified as synonymous or non-synonymous. A subset of 10 samples (16-SWA-
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Figure 5.1. Phylogenetic tree of all publicly available reference Salmonella genomes, all S. Wangata 
isolates, and seven draft genomes of serovars of interest. The S. Wangata cluster (shaded in orange) 
is comprised of all S. Wangata isolates and S. Slotedijk. Branch lengths correspond to SNP distances 
which were calculated using the Jukes-Cantor model.  
 
16-SWA-N058_S62, 16-SWA-N060_S86, 16-SWA-N061_S3, 16-SWA-N064_S39 and 17-SWA-Q13_S23) 
were selected for culturing on Kligler Iron Agar and Xylose Lysine Deoxycholate agar to determine if 
identified SNPs resulted in phenotypic changes to H2S production. These isolates were chosen because 
they represented a range of sample origins, isolation dates and locations. 
 
Pathogenicity islands and virulence determinants were identified by mapping sample reads to a 
concatenated file of all identified pathogenicity regions available from the Pathogenicity Island 
Database PAIDB 2.0 (www.paidb.re.kr/). Mapped-reads were visually inspected and classed as 
present, absent or incomplete depending on the coverage of reads mapped to the region. 
 
5.2.6. Assembly and annotation 
The sequencing data of 36 representative S. Wangata isolates, recovered from different sources, were 
assembled de novo to generate draft genomes using a local pipeline. Briefly, paired-end reads were 
trimmed using Trimmomatic (Bolger, Lohse and Usadel 2014) and the trimmed reads were assembled 
using Velvet v0.7.03 (Zerbino and Birney 2008). The parameters were optimised to give the best Kmer 
size and at least 30x coverage of each Kmer using VelvetOptimiser. The assembled genomes were 
annotated using Prokka (Seemann 2014).  
 
5.2.7. Comparative genomics 
Comparisons between individual draft genomes were performed using TBLASTX (Altschul et al. 1990) 
and were viewed in the Artemis Comparison Tool (ACT) for manual comparison of the genomes 
(Carver et al. 2008).  
 
Salmonella pathogenicity island types were identified in silico using SPIFinder 1.0 
(https://cge.cbs.dtu.dk/services/SPIFinder/) and AMR genotypes and chromosomal point mutations 
associated with resistance were identified using the Comprehensive Antibiotic Resistance Database 
(CARD) (Jia et al. 2017). Assembled genomes were additionally scanned for the presence of 
prophages using PHASTER (Arndt et al. 2016). The presence/absence of virulence and resistance 
determinants were compared between assemblies.  
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Figure 5.2. Phylogeny of all S. Wangata isolates mapped against the draft S. Wangata reference 
genome. Labels are coloured according to MLST type. The eBurst group, location, year of sample 
collection and sample type are also indicated. Branch lengths correspond to SNP distances which 
were calculated using the Jukes-Cantor model. 
 
5.3. Results 
5.3.1. Phylogenomic analysis  
The phylogenetic tree of all available reference Salmonella genomes and S. Wangata isolates is shown 
in Figure 5.1. All S. Wangata isolates (indicated in orange) were phylogenetically clustered. The 
Australian S. Wangata isolates and two of the UK S. Wangata isolates were located within the same 
clade. The remaining UK isolates and S. Sloterdijk (an isolate from an outbreak in the Netherlands in 
1964 (Yao et al. 2016)) were located within associated clades of the S. Wangata cluster. As expected, 
the isolates not belonging to Salmonella enterica subsp enterica (namely subspecies II, IIIa, IIIb, and S. 
Bongori) were outliers on the tree.  
 
The phylogeny of the S. Wangata isolates is shown in Figure 5.2. Using the assembled S. Wangata 
isolate as the reference produced a more discernible phylogeny of the S. Wangata isolates than what 
was seen using only the core genome as described in Figure 5.1. Isolates were clustered by MLST type, 
with all Australian isolates (ST523) clustering together. There was no clustering by sample type or year. 
Isolates were partially clustered by location with six of the eight UK isolates occurring outside of the 
main clade. The two remaining UK isolates were located within the predominantly Australian clade.  
 
The median SNP distance between the Australian S. Wangata isolates was 24 SNPs (range 5–103 SNPs). 
The two homologous UK isolates were also separated from the Australian isolates by a median of 24 
SNPs each. By comparison, the six remaining UK isolates had a much larger distance from the 
Australian isolates, with a maximum SNP difference of between 5137 and 31,072 SNPs. Details of the 
SNPs in the S. Wangata isolates are given Appendix M.  
 
5.3.2. Characterisation and comparative genomics  
All Australian isolates and six of the eight UK isolates had identical SNPs in the phs operon (Figure 5.3). 
However, all of the samples grown on Kligler Iron Agar and XLD were shown to produce H2S, indicating 
that these SNPs do not impact the ability of S. Wangata to produce H2S.  
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Figure 5.3. SNPs identified in the phs operon of the S. Wangata isolates. Nucleotides in the main 
table indicate a change from the reference (Salmonella Typhimurium phs operon (L32188)). SNPs 
are indicated as synonymous (S) or non-synonymous (NS). This is also highlighted in the main table 
as synonymous (grey) and non-synonymous (white).
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Name
AF323079.1 Salmonella bongori SopB (sopB) gene,  partial cds.
AF128999.1
Salmonella typhimurium SitA (sitA), SitB(sitB), SitC (sitC), and SitD (sitD) 
genes, complete cds.
AF140550.2
Salmonella typhimurium exonuclease VII (xseA), shdA, ratC, ratB, ratA, sinI, 
sinH genes, complete cds; and yfgK gene, partial cds.
FJ212116.1 strain 1443 VI P4-like integrase (int) gene, partial cds.
FJ212115.1 strain SARC13 P4-like integrase (int) gene, partial cds.
JQ071613.1
Enteritidis clone E43 putative pathogenicity island protein (ssaD) gene, 
partial cds.
JQ747523.1 Sofia strain S1296 sequence.
JQ747540.1 Sofia strain S1635, sequence.
FJ477835.1 Paratyphi B strain SRC181 Genomic Island 1 variant R, partial sequence.
AY463797.8
Kentucky strain SRC73 Salmonella Genomic Island 1 variant SGI1-K 
genomic sequence.
AY963803.6 Emek SGI2 genomic island, complete sequence.
JN982040.1
Typhimurium strain J4STEHO nonfunctional invasion protein A (invA) gene, 
partial sequence.
JN982041.1
Typhimurium strain OEHST5 nonfunctional invasion protein A (invA) gene, 
partial sequence.
AY956822.1
Gallinarum strain SGB-1 pathogenicity island 1, partial sequence; prgH 
gene, partial cds; prgI gene, complete cds; and prgJ gene, partial cds.
AY956824.1
Gallinarum strain SGB-4 pathogenicity island 1, partial sequence; and SipD 
(sipD) gene, partial cds.
AY956825.1
Gallinarum strain SGB-8 pathogenicity island 1, partial sequence; and 
invasion protein (invA) gene, partial cds.
AY956823.1
Gallinarum strain SGE-2 pathogenicity island 1, partial sequence; and HilD 
(hilD) gene, partial cds.
AF148689.1
Typhimurium transcriptional regulator SprA (sprA) and transcriptional 
regulator SprB (sprB) genes, complete cds.
U16278.1
Typhimurium putative formate hydrogenlyase (fhlA) gene, partial cds, and 
junction of the 40kb pathogenicity island.
U16303.1
Typhimurium DNA mismatch repair protein (mutS) gene, complete cds, 
and right-hand junction of the 40kb pathogenicity island.
AY956839.1
Gallinarum strain SGE-3 pathogeneticty island 10, partial sequence, and 
fimbrin-like protein (sefD) gene, partial cds.
AY956834.1
Gallinarum strain SGA-10 pathogenicity island 13, partial sequence; and 
putative transcriptional regulator (gtrB) gene, partial cds.
AY956832.1
Gallinarum strain SGD-3 pathogenicity island 13, partial sequence; and 
putative acetyl-CoA hydrolase (gacD) gene, partial cds.
AY956833.1
Gallinarum strain SGG-1 pathogenicity island 13, partial sequence; and 
putative transcriptional regulator (gtrA) gene, partial cds.
AY956835.1
Gallinarum strain SGA-8 pathogenicity island 14, partial sequence; and 
putative electron transfer flavoprotein beta subunit (gpiA) gene, partial 
cds.
AY956836.1
Gallinarum strain SGC-8 pathogenicity island 14, partial sequence; and 
putative LysR family transcriptional regulator (gpiB) gene, partial cds.
JN673271.1
Choleraesuis strain C500 pathogenicity island 2 secreted effector protein 
(spiC) gene, complete cds.
JN673273.1
Enteritidis strain C50041 pathogenicity island 2 secreted effector protein 
(spiC) gene, complete cds.
AJ224892.1
Typhimurium ssaE, sseA, sseB, sscA, sseC, sseD, sseE, sscB, sseF, sseG, 
ssaG, ssaH, ssaI genes and partial ssaD, ssaJ genes
AJ224978.1
Typhimurium, Salmonella Pathogenicity Island 2 (SPI2) genes, ttr gene 
cluster
U51927.1
Typhimurium SpiR and SpiB genes, partial cds, and SpiC and SpiA genes, 
complete cds.
X99944.1 Typhimurium ssaQ, ssaR, ssaS, ssaT and ssaU genes
X99945.1 Typhimurium ORF's 32 & 48 & gene pykF
Y09357.1 Typhimurium ssaJ, ssaK, ssaL, ssaM, ssaV, ssaN, ssaO, ssaP, ssaQ genes
Z95891.1 Ttyphimurium ssrA and ssrB genes
JN673268.1
Pullorum strain S06004 pathogenicity island 2 secreted effector protein 
(spiC) gene, complete cds.
JN673270.1
Enteritidis strain Se11 pathogenicity island 2 secreted effector protein 
(spiC) gene, complete cds.
AY956826.1
Gallinarum strain SGB-10 pathogenicity island 2, partial sequence; and 
SsaO (ssaO) and SsaP (ssaP) genes, partial cds.
AY956827.1
Gallinarum strain SGC-2 pathogenicity island 2, partial sequence; ssaG 
gene, partial cds; ssaH and ssaI genes, complete cds; and ssaJ gene, partial 
cds.
AY956828.1
Gallinarum strain SGC-9 pathogenicity island 2, partial sequence; and SsaV 
(ssaV) gene, partial cds.
AY956830.1
Gallinarum strain SGD-8 pathogenicity island 2, partial sequence; and SsrA 
(ssrA) gene, partial cds.
AY956829.1
Gallinarum strain SGH-1 pathogenicity island 2, partial sequence; and SscB 
(sscB) and SseF (sseF) genes, partial cds.
AF020808.1 Typhimurium pathogenicity island 2, partial sequence.
JN673269.1
Paratyphi A strain Spa11 pathogenicity island 2 secreted effector protein 
(spiC) gene, complete cds.
JN673272.1
Typhimurium strain St11 pathogenicity island 2 secreted effector protein 
(spiC) gene, complete cds.
AF106566.1 Typhimurium pathogenicity island SPI-3, complete sequence.
AY144489.1 Rachaburi SPI-3 pathogenicity island with insertion.
AY144490.1 Dublin SPI-3 pathogenicity island with insertion.
AF060869.1
Typhimurium uvrA gene, partial cds; ssb gene; tRNA-Thr gene; 
pathogenicity island SPI-4 operon; yjcB gene; and yjcC gene.
AJ576316.1 Typhimurium Salmonella Pathogenicity Island 4 (siiABCDEF genes)
AY144491.1 Ohio SPI-5 pathogenicity island insertion.
AF060858.1
Dublin regulatory protein copR, copS; SPI-4 containing dipeptidase 
homolog (pipD), sopB, pipC, pipB, and pipA genes; and tRNA-Ser gene
AY144492.1 Derby SPI-5 pathogenicity island with insertion.
AF323078.1 houtenae SopB (sopB) gene, partial cds.
AF323077.1 Diarizonae SopB (sopB) gene, partial cds.
AF376036.1 Salmonella enteritidis pathogenicity island 6, partial sequence.
AF000001.5
typhi topoisomerase B (topB), single strand binding protein (ssb), ytl2) 
genes; pil operon, complete sequence; rci gene.
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Figure 5.4. Heatmap of pathogenicity islands in the Australian S. Wangata isolates. Pathogenicity 
islands were extracted from the Pathogenicity Island Database PAIDB 2.0 (www.paidb.re.kr/). 
Regions are defined as present (red), absent (white) or incomplete (pink) as determined by visual 
inspection of the coverage of reads mapped to the region.   
 
A heat map of the presence, absence and partial mapping of reads to genes and regions identified in 
the pathogenicity island database is shown in Figure 5.4. All Australian isolates displayed identical 
pathogenicity profiles.  
 
A representative selection of isolates was assembled. Comparison of isolates from different locations 
and sample types revealed no major genomic differences between isolates obtained from humans, 
animals or the environment. Characterisation of assembled genomes revealed identical SPI and 
virulence architectures. Identical SPI regions were identified in all assembled genomes; namely; SPI-
1, SPI-2, SPI-3, SPI-4, SPI-5, SPI-9, SPI-11, SPI-12, SPI-13, SPI-14, SPI-16 and C63P1. A similar AMR profile 
was also detected in all assembled S. Wangata isolates (Figure 5.5). With the exception of the UK 
isolate SRR1967707, there were 28 resistance genes identified in at least 95% (n=41) of isolates. EF-
Tu mutants associated with resistance to pulvomycin, were detected in 72% (n=31) of the 44 
assembled isolates. In one isolate (16-SWA-007) TEM-1, a beta-lactamase, was additionally detected. 
Over half of the genes detected (16/30) were associated with multiple antibiotics. All potentially multi-
resistant genes were common to all S. Wangata isolates excluding two of the UK isolates (SRR1967707 
and SRR5632298) which were missing mdfA. Collectively, the genes detected predict reduced 
susceptibility to 22 classifications of antimicrobials.  
 
PHASTER identified one prophage, Gifsy-2, in 34 of the 36 assembled Australian S. Wangata isolates. 
One of the isolates had Gifsy-2 detected but was classified as ‘questionable’ (completeness score 70–
90). Seven isolates also had prophage 186 intact and prophage P4 classified as ‘questionable’. Gifsy-1 
was identified in one isolate (17-SWA-Q23). Investigation of the virulence genes associated with Gifsy-
2 identified sodC1 but not gtgA. 
 
5.4. Discussion  
S. Wangata is an increasingly notified serotype in NSW, Australia and is hypothesised to be transmitted 
via a non-foodborne pathway/environmental route. We present the first genomic investigation of this 
serotype and describe its associated pathogenetic and AMR characteristics.   
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Figure 5.5. Heatmap of resistance genes identified using Resfinder and CARD. Genes are indicated as present (red) or absent (white). The threshold for 
identification was taken to be 80% gene ID and 50% sequence length 
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Our analysis supports the hypothesis that S. Wangata in NSW is being exchanged between humans, 
animals and the environment (Collins et al. 2019). Isolates of S. Wangata obtained from a variety of 
sources and locations within NSW were all phylogenetically clustered and had the same MLST type. 
 
Comparison of assembled genomes revealed there were no major genotypic distinctions between 
isolates obtained from humans, animals, food or the environment. Furthermore, these isolates also 
shared highly similar virulence and AMR characteristics. These findings are consistent with genomic 
investigations overseas that suggested Salmonella serotypes were being transmitted bidirectionally 
between humans and wildlife (Bloomfield et al. 2017; Toro et al. 2016). Results from this study are 
not conclusive regarding the direction of transmission and continued research exploring the 
epidemiology is warranted.  
 
An unexpected finding from this study is the clustering of two UK S. Wangata isolates within the 
Australian S. Wangata clade. Of the 78 Australian human isolates, 48 (62%) are known to have not 
travelled more than 100km from their home in the 7 days prior to illness onset, further supporting the 
hypothesis of a local acquisition of infection. While it cannot be ruled out that the UK isolates were 
obtained from overseas sources, it is also possible, given the comparatively small average SNP 
distance (24 SNPs) of these isolates to the Australian isolates, that these cases are indicative of travel 
to Australia. Epidemiological data from these cases is required to confirm this hypothesis.   
 
Antimicrobial resistance is a major concern in Australia (ACSQHC 2017). Spill over of AMR genes from 
domestic sources to wildlife has been observed in a number of studies (Retamal et al. 2017; Dolejska 
et al. 2016) and is a relevant concern with S. Wangata given the strong association with a wildlife or 
environmental reservoir. While this study revealed a number of genes associated with AMR in S. 
Wangata isolates, it is important to make the distinction that genotypic resistance may not be 
indicative of phenotypic resistance. Fluoroquinolones are important for the treatment of 
salmonellosis yet prevalence surveys indicate the rate of fluoroquinolone resistance in Australia is low 
in both Salmonella and other enteric bacteria (Abraham et al. 2014; Unicomb et al. 2006). Similarly, 
aminoglycoside resistance has been observed in other serotypes in Australia but isolates are generally 
uncommon (Abraham et al. 2014). The identification of genes associated with resistance to these 
antimicrobials was therefore unexpected. Nevertheless, the majority of the genes identified in the S. 
Wangata isolates code for efflux pumps. Efflux pumps are ubiquitous in bacterial genomes and AMR 
is associated with select efflux pumps when overexpressed (Webber and Piddock 2003). We did not 
investigate the expression of these genes so cannot conclude if S. Wangata was phenotypically 
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resistant. Further research that includes phenotypic testing of isolates is required to determine if S. 
Wangata has a decreased sensitivity to antimicrobials.  
 
SPI-1 and SPI-2 are highly conserved regions within the Salmonella genome (Hayward, Jansen and 
Woodward 2013) and are typically associated with gut wall invasion and intracellular survival and 
replication, respectively (Marcus et al. 2000). We did not identify any novel pathogenicity genes within 
the genome of S. Wangata. The clinical virulence of S. Wangata is unknown however a recent 
epidemiological study found 40% of cases required hospitalisation (Collins et al. 2019). A study 
investigating invasive and non-invasive S. Dublin failed to define the precise genomic mechanism of 
virulence, instead concluding that host immunity may play a significant role (Mohammed et al. 2017). 
This might also be the case with S. Wangata and highlights the need for future studies to include 
detailed clinical history of cases. Increased pathogenicity has also been associated with increased host 
specificity (Langridge et al. 2015). However, our results indicate that S. Wangata occurs in a number 
of host species suggesting this is not a factor in S. Wangata pathogenesis.  
 
The prophage Gifsy-2 is widely disseminated throughout many Salmonella strains (Fu et al. 2017) and 
has been associated with increased virulence in S. Typhimurium (Figueroa-Bossi and Bossi 1999) and 
S. Dublin (Mohammed et al. 2017). In particular, the presence of the sodC1 gene, observed in the S. 
Wangata isolates, is believed to protect the bacteria from superoxide produced by macrophages 
(Farrant et al. 1997). While these genomic components may play a role in the pathogenesis of S. 
Wangata, detailed clinical history of patients is required to determine the true virulent nature of S. 
Wangata.  
 
Absence of H2S production in Salmonella has been associated with mutations in the phs operon (Wu 
et al. 2016; Xie et al. 2015; Yi et al. 2014; Abd El Ghany et al. 2016). Correct identification of SNPs that 
confer a disruption to H2S production is important for characterising Salmonella that may be otherwise 
overlooked by screening tools that rely on H2S production (Wu et al. 2016). Here we identified seven 
non-synonymous mutations in the phs operon of Salmonella that do not impact H2S production.  
 
There were a number of limitations in our study. The in silico resistance results were not confirmed 
with phenotypic testing of antimicrobial resistance. Other studies have found in silico results conform 
to phenotypic testing and have a high sensitivity and specificity (Toro et al. 2016; Thomas et al. 2017) 
although specificity may vary depending on the type of antibiotic being tested (Thomas et al. 2017). 
In particular, confirmation of phenotypic fluoroquinolone resistance should be undertaken given the 
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low prevalence typically observed of this phenotype in Australia.  Detailed clinical histories of the 
human cases were not available. This may have helped guide and interpret the importance of 
identified pathogenicity genes. Similarly, epidemiological data are required to support the hypothesis 
of travel related dispersion of S. Wangata.  
 
5.5. Conclusion 
Results from this study support epidemiological evidence that S. Wangata is shared by humans, 
domestic animals, wildlife and the environment. The presence of AMR and pathogenicity genes 
highlights the potential clinical significance of S. Wangata however further research is required to 
determine the relevance of identified genomic characteristics. We demonstrate that the use of WGS 
is a powerful tool in characterising a poorly known serotype. Data presented here can be used as a 
basis for ongoing surveillance of S. Wangata in NSW. 
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Chapter six. Divergent geography of Salmonella Wangata and Salmonella 
Typhimurium epidemiology in New South Wales, Australia 
 
Published: One Health 2019 7:100092 
 
Using data analysed in chapter 3 to explore hypotheses generated during the previous two chapters, 
this chapter investigates the spatial determinants of S. Wangata as compared to the foodborne 
serotype S. Typhimurium. The methods used in this chapter are contextually novel.    
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6.1. Introduction 
 
Salmonella enterica is a major zoonotic pathogen responsible for a substantial global burden of 
gastroenteritis (Majowicz et al. 2010). In Australia, salmonellosis is the second most commonly 
reported cause of gastroenteritis (OzFoodNet 2015) and is responsible for the majority of foodborne 
gastroenteritis related deaths (Kirk, Martyn et al. 2014). The notification rate of salmonellosis in 
Australia in 2014 was 69.3 per 100,000 people; compared to data from the same year this is more 
than four and five times the incidence reported in the United States (15.45 per 100,000)(Crim et al. 
2015) and the United Kingdom (12.63 per 100,000)(Public Health England 2018), respectively. S. 
Typhimurium is the most commonly reported serotype in Australia, accounting for 48% of cases 
(OzFoodNet 2015). It is a well-recognised foodborne pathogen, accounting for 92% of foodborne 
outbreaks of salmonellosis in Australia in 2011 (OzFoodNet 2015). Nonetheless, other serotypes 
contribute to the total number of salmonellosis cases reported to health authorities with varying 
geographic distribution (OzFoodNet 2010,  2015). Understanding the features that contribute to this 
geographic variation helps determine infection risk (Varga et al. 2013; Varga et al. 2015). 
 
S. Wangata is a commonly reported serotype in New South Wales (NSW) (NNDSS 2019) but is 
otherwise only rarely reported in other states and countries (Ballal et al. 2015). We recently conducted 
an epidemiological investigation into human cases of S. Wangata to explore the hypothesis that cases 
were primarily associated with a wildlife or environmental reservoir (Chapter 4). In that study, several 
wildlife species, namely swans, pelicans, sea turtles, brush turkeys, bandicoots, flying-foxes and 
amphibians, were highlighted as potential reservoirs of the serotype based on microbiological or 
epidemiological evidence (Chapter 4). 
 
Understanding the unique epidemiology of serotypes associated with an environmental source is 
challenging. Studies investigating environmental Salmonella serotypes in Australia have used 
environmental sampling, case-control interviews or a combination of both (Ashbolt and Kirk 2006; Ball 
1991; Staff et al. 2012; Beard et al. 2004; Williams et al. 2016; Williams et al. 2015). Field studies are 
useful in identifying potential hosts (Williams et al. 2015; Ball 1991) however this involves collecting a 
large number of samples from a wide range of hypothesised reservoirs which is both costly and time 
consuming. Whilst case-control interviews have identified key risk factors they can also fail to 
completely identify environmental transmission mechanisms (Beard et al. 2004).  
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An additional approach is to investigate the spatial distribution of cases in relation to landscape 
features, which allows a more complete evaluation of the environmental space that contextualises 
disease occurrence. It has the additional advantage of leveraging existing surveillance data and can 
incorporate the ecological niche of wildlife species thereby including speculative hosts that may be 
challenging to sample or difficult to specify in a survey during outbreak investigations (e.g. 
differentiating between specific bird species or identification of a nocturnal cryptic species). 
Using conditional autoregressive (CAR) models, this study describes the spatial distribution of cases of 
S. Wangata with respect to human socio-demographics, climate, land cover, and wildlife features. For
comparison, a similar approach was used to model the spatial distribution of cases of S. Typhimurium,
an established foodborne serotype. It was hypothesised that cases of S. Wangata would have an
association with wildlife and environmental features whereas cases of S. Typhimurium would
primarily be associated with human socio-demographics.
6.2. Methods 
6.2.1. Data sources 
Laboratory-confirmed human cases of S. Wangata and S. Typhimurium occurring in NSW between 1 
January 2001 and 31 December 2015 were extracted from the Notifiable Conditions Information 
Management System (NCIMS) maintained by the NSW Department of Health. NCIMS captures 
notifiable diseases reported by pathology laboratories, general practitioners and hospitals in NSW. 
Cases were excluded if they were suspected to be overseas-acquired based on travel history (S. 
Wangata n = 50 [8.9%], S. Typhimurium n = 216 [1.1%]). Cases of each serotype were aggregated by 
postal area (POA) (Pink 2011a). No cases were missing POA information.  
Human footprint (HFP) data were downloaded from the Socioeconomic Data and Applications Centre 
(SEDAC), which is part of the National Aeronautics and Space Agency’s Earth Observing System Data 
and Information System. HFP represents the Human Influence Index that has been normalised by 
biome and realm and is made up of 9 global layers characterising human population pressure, land 
use and infrastructure, and access (e.g. via road or train) (WCS and CIESIN 2005). This serves as an 
indicator of anthropogenic influence and thus the degree of human accessibility. The data were 
obtained at a resolution of 30 arc seconds, which is approximately 1 km2. 
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Net Human Migration data from 1990 - 2000 were also downloaded from SEDAC and represented as 
a 30 arc second raster. Net human migration data represents movement of people into an area minus 
the migration out of an area (de Sherbinin et al. 2015). This includes movements both internationally 
and domestically and can represent, for example, increasing urbanisation in a region.  
 
The population count by age for each POA was extracted from the 2011 Australian Census of 
Population and Housing (Australian Bureau of Statistics 2011a). These data were used to estimate 
population density by dividing the total population by NSW POA area as determined by the 2011 POA 
shapefile developed by the Australian Bureau of Statistics (ABS) Australian Statistical Geography 
Standard (Pink 2011a). The rate of salmonellosis notification is highest in children less than 5 years old 
(OzFoodNet 2015). Therefore, to determine if a high proportion of children was associated with 
increased cases, an additional variable was created by dividing the count of children less than 5 years 
old by the total population of that POA.  
 
The index of relative socio-economic advantage and disadvantage was downloaded from the 2011 
Socio-Economic Indexes for Areas develped by the ABS (Australian Bureau of Statistics 2011b). This 
index ranks each POA according to its socioeconomic condition relative to the rest of the country. The 
index is based on census data and is composed of relative socioeconomic advantage and disadvantage 
which are defined by the ABS in terms of “people’s access to material and social resources, and their 
ability to participate in society.” (Pink 2011b).  
 
Climate data were accessed from the WorldClim Global Climate database (WorldClim—Global 
Climate). Mean annual temperature, mean temperature of the warmest and coolest quarters, mean 
annual precipitation, and mean precipitation of the wettest and driest quarters during the period 1950 
to 2000 were extracted in 30 arc seconds resolution rasters, which are equivalent to 1 km2 (Hijmans 
et al. 2005).  
 
Land cover was represented by MODIS Land Cover Type (MCD12Q1) and accessed from the United 
States Geological Survey Land Cover Institute (LCI) (USGS Land Cover Institute a). This raster describes 
the predominant land cover between 2001 and 2010 for each pixel at a resolution of 15 arc seconds 
represented as a value between 0 and 16 (Broxton et al. 2014b). Of the 17 land cover features, 10 
were extant throughout the study region. These were: water, evergreen broadleaf forest, open 
shrublands, woody savanna, grassland, permanent wetland, croplands, urban and built up, 
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cropland/natural vegetation mosaic, and barren/sparsely vegetated. QGIS (QGIS Development Team 
2018) was used to extract raster layers for each of the 10 listed land cover types to make 10 binary 
rasters. The proximity function was then used to create a distance raster for each type by calculating 
the distance of each pixel in the geographic extent under study to the given land cover feature. In 
addition, the mean number of pixels in each POA attributable to evergreen broadleaf forest, open 
shrublands, grassland, croplands, urban and built up, and cropland/natural vegetation mosaic was 
calculated to give the proportion of that land cover type per POA. 
 
The MODIS-based maximum green vegetation fraction (MGVF), also accessed from LCI (USGS Land 
Cover Institute b), was used to represent the vegetation cover at a resolution of 30 arc seconds 
(Broxton et al. 2014a). MVGF is a function of the normalised difference vegetation index which 
accounts and adjusts for periods of unusual greenness (Broxton et al. 2014a). The 2008 raster was 
selected as this represents the midpoint for this investigation. 
 
A shapefile of the river systems in Australia was obtained from HydroSHEDS (Lehner, Verdin and Jarvis 
2008). This file was converted to a binary 30 arc second raster wherein each pixel represented the 
presence of river (1) or the absence of river (0). The sum was taken for each POA.  
 
To investigate the association with wildlife, species richness data for mammals (IUCN and CIESIN 
2015b) and amphibians (IUCN and CIESIN 2015a) were downloaded as 30 arc second grids from the 
International Union for Conservation of Nature (IUCN) via SEDAC. Species richness represents an 
aggregation of the number of species from each class present within each grid. These rasters were 
based on data obtained from the IUCN in 2013 (IUCN and CIESIN 2015b,  a). Further, to investigate if 
human cases were associated with the distribution of putative hosts identified in the epidemiological 
study described in Chapter 4, occurrences of black swans (Cygnus atratus), Australian pelicans 
(Pelecanus conspicillatus), Australian brush turkeys (Alectura lathami), long-nosed bandicoots 
(Perameles nasuta), black flying foxes (Pteropus alecto), grey-headed flying foxes (Pteropus 
poliocephalus), and little red flying-foxes (Pteropus scapulatus) observed between 2000 and 2017 
were obtained from the Global Biodiversity Information Facility (GBIF)(Global Biodiversity Information 
Facility 2017). Only three of the four native species of flying fox in mainland Australia were included 
in this study as spectacled flying foxes (Pteropus conspicillatus) do not occur in NSW. The ecological 
niche of each species was then quantified using the Maxent machine learning algorithm described 
below in the statistical methods.  
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6.2.2. Statistical analysis 
6.2.2.1. Ecological niche models (Maxent) 
In order to investigate the association between the hypothesised wildlife reservoir species and cases 
of S. Wangata the distribution of the wildlife species is required. Determining the distribution of a 
species typically involves presence and absence data (Corsi, Duprè and Boitani 1999). However, where 
only presence data are available a different approach is required. Therefore, because the distribution 
of the hypothesised wildlife reservoirs was unknown and no absence data were available, Maximum 
entropy (Maxent) was used to model the ecological niche of the hypothesised wildlife reservoirs. 
Maxent is a machine learning algorithm that can estimate the habitat suitability for a species using 
presence-only data (Phillips, Anderson and Schapire 2006).  
The fundamental niche of each host species was modelled separately, with the spatial extent 
equivalent to the presence data of the species to a maximum of the continent of Australia. To model 
the fundamental niche of a species, the full range of environments that make up the suitable habitat 
of that species should be sampled (Phillips, Anderson and Schapire 2006) meaning maxent should be 
run over the largest possible spatial extent where species observations occur. 
Raster variables were assessed for correlation using a Pearson’s correlation test and highly correlated 
variables were chosen by comparing model performance across different combinations of correlated 
variables. The variables that resulted in the best model performance (high mean area under the 
receiver operating characteristic curve (AUC)) were selected for the final model. Landscape features 
included in each model can be found in appendix N. Ten thousand background points were sampled 
separately for each host species’ model, weighted by the human footprint to account for the potential 
spatial sampling bias of presence points in GBIF. HFP was used because it encompasses anthropogenic 
factors that would facilitate observation accessibility, known to affect reporting effort (Phillips et al. 
2009; Phillips and Dudík 2008). To minimise overfitting the models, the regularisation multiplier was 
set to the default of 1.0.  
Five-fold cross-validation was performed for each Maxent model to test performance, such that the 
presence data for each species were randomly divided iteratively into 5 groups; 4 groups were 
modelled together and then tested against the 5th. This process applies 5 folds wherein each random 
permutation is used as a test group once across each iteration. The AUC was then used to determine 
model performance. Similarly, the mean Maxent function was used as the estimate of species 
geographic suitability per km2 across the region.   
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The species niche probability function raster was then converted to a binary raster with the value 1 
(i.e. suitable habitat) if the probability of species habitat suitability was ≥ 0.85, and 0 (i.e. unsuitable 
habitat) if the probability was < 0.85. The cut-off of 0.85 was used because this selects for areas where 
the habitat is highly suitable. The sum of all 1 km2 pixels was then calculated for each POA to quantify 
the total area of suitable habitat for each species per POA.  
 
Ecological niche modelling produced seven rasters of predicted suitable habitat for each hypothesised 
S. Wangata host. The rasters of predicted suitable habitat and the model performance metrics are 
provided in Appendix N. 
 
6.2.2.2. CAR model 
The global Moran’s index (I) identified significant spatial autocorrelation in the POA-aggregated 
cumulative incidence of both S. Wangata and S. Typhimurium (S. Wangata: Moran I Statistic = 0.221, 
P-value < 0.0001. S. Typhimurium: Moran I Statistic = 0.053, P- value = 0.0183). Initially, a non-spatial 
Poisson model was used to model the cumulative incidence of S. Wangata and S. Typhimurium per 
POA. However, the global Moran’s I identified significant spatial autocorrelation in the residual 
deviance for both models (S. Wangata: Moran I Statistic = 0.0914, P-value = 0.0019, S. Typhimurium: 
Moran I Statistic = 0.1138, P- value = 0.0002) so this model was deemed inappropriate. Therefore to 
account for the spatial autocorrelation inherent to these disease phenomena, CAR models with 
random effects were used with the Besag-York-Millie prior (Besag, York and Mollie 1991).  
 
S. Wangata cases were predominately observed in a corridor within NSW, therefore the spatial extent 
of the CAR models for both serotypes was restricted to the POAs within 11 of the 15 NSW local health 
districts (LHDs) where cases occurred. Namely: Sydney, South Eastern Sydney, Western Sydney, 
Northern Sydney, Central Coast, Illawarra Shoalhaven, South Western Sydney, Nepean Blue 
Mountains, Mid North Coast, Northern NSW and Hunter New England LHDs (Figure 6.1). Eight POAs 
fell across the borders of two LHDs and five of these were subsequently excluded from the study 
extent because the majority of their area was not included in the above LHDs. POAs from within these 
local health districts contained 99% of cases of S. Wangata (514/520) reported during the study period. 
Of the 451 POAs included in the CAR analyses the minimum area was 0.39km2 and the maximum was 
8573.49km2, with a median of 15.92km2  
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For each serotype, the CAR model estimated the number of cases per POA as a function of: human 
socio-demographics (proportion of population < 5 years old, socioeconomic ranking, mean net human 
migration), climate (mean annual temperature and precipitation), land cover (mean MGVF, mean 
distance to wetlands, mean distance to surface water, sum of river pixels, proportion of POA classified 
as each land cover type (evergreen, grassland, cropland, urban, cropland/natural vegetation mosaic 
and open shrubland), and wildlife features (mean mammal species richness and mean amphibian 
species richness). The S. Wangata model also included the total area of suitable habitat per POA for 
the hypothesised reservoir species as derived from the niche models described above. Maps of the 
variables included in the CAR analyses are shown in Appendix O. 
 
 
Figure 6.1. The country of Australia (light blue), the state of New South Wales (NSW) (medium blue) 
and the spatial extent of the CAR analysis (dark blue). The boarders of the local health districts (LHD) 
of NSW are shown. The CAR extent is comprised of 11 LHDs, namely: Sydney, South Eastern Sydney, 
Western Sydney, Northern Sydney, Central Coast, Illawarra Shoalhaven, Southwestern Sydney, 
Nepean Blue Mountains, Mid North Coast, Northern NSW and Hunter New England. 
 
The CAR models were as follows: ln(Casesk) = Xkβk  + ϕk + ln(Population Countk * Areak) 
where, for each POA k, Xk represents predictor matrix for human socio-demographics, climate, land 
cover, and wildlife features, and βk the vector of regression coefficients. ϕk  denotes the random 
effects and ln(Population Countk * areak) is the offset, which incorporates both POA population and 
POA area as the offset since log(a) + log(b) = log(a*b).  
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Bivariate models were fitted for each serotype and predictors that were not significant (95% credible 
intervals included 0) were excluded from further analysis. It is important to note that these are 
Bayesian hierarchical models and the inference is based on Markov Chain Monte Carlo simulation. As 
such the credible intervals represent actual probability distributions of the estimated parameters, 
wherein the model’s regression coefficient for any particular landscape feature is the median of its 
parameter distribution. This contrasts confidence intervals under conventional frequentist null 
hypothesis testing, which represent single realisations of random variables under a hypothesised 
sampling distribution (and are thus absent of parameter distributional information). Therefore, the 
95% credible intervals demonstrate the posterior distribution of possible parameter estimates. 
Significance was taken to be when the 95% credible interval did not include zero, as is the standard 
used for CAR modelling. All significant predictor variables in the bivariate models were assessed for 
correlation using a Pearson’s Test of correlation. For variables with a correlation coefficient > |0.65| 
the variable with the lower deviance information criterion (DIC) was selected for inclusion in 
subsequent models.  
 
A full model was then run that included all significant variables. Next, to test the effect of each domain, 
domain-specific subsets of models were created from significant variables and were compared to the 
full model. These domains reflect the variables described above and comprised human socio-
demographics, climate, land cover, and wildlife, respectively. Model evaluation was based on the DIC. 
The models with the lowest DIC from each domain were tested in combination with the other domain 
sub-models. The final model was the one that had the lowest DIC.  
 
For each serotype, the cumulative incidence ratio was derived by exponentiating the regression 
coefficients and maps were produced to show the predicted number of cases and residual deviance 
from each final model. The distribution of the residual deviance was then tested for spatial 
autocorrelation using Moran’s I.  
 
All analyses were performed using the R programming language (R Core Team 2013). Maxent 
modelling was performed using the maxent function from the dismo package (Hijmans and Elith 2013). 
CAR modelling was performed using the bymCAR.re function available in the CARbayes package (Lee 
2013).  
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6.2.3. Ethics approval 
The use of human data in this study was approved by the NSW Population and Health Services 
Research Ethics Committee (21 December 2015, LNR 2015/08/038) and The University of Sydney 
Human Research Ethics Committee (2015/834, 22 October 2015). 
6.3. Results  
 
Between 1 January 2001 and 31 December 2015 there were 514 cases of S. Wangata and 18,631 cases 
of S. Typhimurium reported within the spatial extent under investigation. The number of cases per 
POA ranged from 0 to 53 cases for S. Wangata and 0 to 283 cases for S. Typhimurium (Figure 6.2.). 
Cases of S. Wangata were primarily located in the north east of the state. In contrast, cases of S. 
Typhimurium were clustered within the metropolitan region of Sydney, along the coast and extending 
farther west than S. Wangata.  
 
Bivariate analysis (Table 6.1.) revealed that mean annual precipitation, mean annual temperature, 
mean distance to water, mean distance to wetlands, sum of river length as well as mammal and 
amphibian species richness were associated with S. Wangata. Of the seven hypothesised reservoir 
species only brush turkey habitat suitability was significantly associated with cases of S. Wangata. S. 
Typhimurium was associated with proportion of the populations < 5 years old, mean annual 
precipitation, mean annual temperature, mean MGVF, mean distance to water, mean distance to 
wetlands, sum of river length, proportion of POA comprising evergreen, proportion of POA comprising 
grassland, proportion of POA comprising urban/ built as well as amphibian species richness. 
 
High correlation (>|0.65|) was noted between: 1) mammal and amphibian species richness, 2) mean 
annual precipitation and distance to wetland, and 3) distance to wetland and distance to water, and 
MGVF and urban POAs. Among correlated variables, those with lower DIC in the bivariate analysis 
were selected for multivariable analysis. Therefore S. Wangata models excluded mammal species 
richness, distance to water and mean annual precipitation, while S. Typhimurium models excluded 
distance to wetland, MGVF and distance to water. The full model and domain specific sub-models are 
shown in Appendix P.  
 
The multivariable CAR model that represents the best fit for each Salmonella serotype is shown in 
Table 6.2. Cases of S. Wangata infection were associated with warmer temperature, closer proximity 
to wetlands, and increasing amphibian richness. By comparison, a higher proportion of the population  
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Figure 6.2. Observed cases of S. Wangata (A) and S. Typhimurium (B) in the study area within NSW, 
Australia between January 1 2001 and December 31 2015. 
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Table 6.1. Bivariate analysis for S. Wangata and S. Typhimurium. The median coefficient and credible intervals are given. Significant variables are in bold 
and are marked with * 
  S. Wangata  S. Typhimurium  
 Variable Median (95% cred. interval) DIC Median (95% cred. interval) DIC 
Human socio-demographics     
 Proportion < 5 years old (%) 0.0746 (-0.0824 – 0.2394) 826.6365 0.0926 (0.0364 – 0.1456) * 3085.81 
 SES score 0.0018 (-0.0019 – 0.0057) 827.0837 0.0004 (-0.0007 – 0.0019) 3088.221 
 Mean net migration 0.0021 (-0.008 – 0.0051) 821.0101 0.009 (0.0000 – 0.0022) 3088.672 
Climate     
 Mean annual precipitation (mm) 0.0028 (0.0014 – 0.0045) * 822.2477 0.0015 (0.0010 – 0.0021) * 3086.083 
 Mean annual temperature (°C) 0.3968 (0.1575 – 0.6788) * 823.5516 0.2871 (0.2001 – 0.3854) * 3084.891 
Landscape     
 MGVF (%) -0.0101 (-0.0324 – 0.0136) 825.865 -0.0232 (-0.0299 – -0.0168) * 3087.073 
 Distance to wetland (km) -13.9471 (-20.1996 – -8.2512) * 816.8665 -4.8665 (-6.6568 – -3.2084) * 3090.948 
 Distance to water (km) -0.0134 (-0.0200 – -0.0069) * 819.8108 -0.0061 (-0.0083 – -0.0040) * 3089.188 
 Proportion POA evergreen  -0.5667 (-1.4958 – 0.3257) 825.1231 -1.2930 (-1.6502 – -0.9493) * 3083.062 
 Proportion POA grassland -0.7144 (-2.9826 – 1.3471)  829.5128 -1.3710 (-2.1531 – -0.6182) * 3088.97 
 Proportion POA cropland  -0.3070 (-2.7668 – 2.0996) 824.3792 -0.4996 (-1.2711 – 0.2802) 3089.431 
 Proportion POA urban/built up 0.8569 (-0.1294 – 1.8197)  826.2268 1.5309 (1.1493 – 1.9011) * 3084.607 
 Proportion POA cropland/vegetation mosaic 3.5894 (-1.8161 – 9.0833)  827.4662 0.7331 (-1.4143 – 1.9011) 3089.582 
 Proportion POA open shrubland -7.3475 (-20.1413 – 0.0247)  827.9412 -0.6000 (-2.0243 – 1.0978) 3089.475 
 River length total (km) -0.0028 (-0.0040 – -0.0016) * 823.6724 -0.0080 (-0.0011 – -0.0005) * 3085.947 
Wildlife     
 Amphibian species richness  0.1217 (0.0517 – 0.2020) * 817.8239 0.0280 (0.0056 – 0.0476) * 3087.635 
 Mammal species richness 0.1053 (0.0554 – 0.1707) * 823.7016 0.0127 (-0.0083 – 0.033) 3088.437 
 Black swan (km2) -0.0253 (-0.1186 – 0.0208) 829.345   
 Australian pelican (km2) 0.0009 (-0.0023 – 0.0042) 827.9733   
 Australian brush turkey (km2) 0.0009 (0.0001 – 0.0017) * 822.251   
 Long-nose bandicoot (km2) -0.0002 (-0.0005 – 0.0001) 829.4502   
 Black flying fox (km2) 0.0011 (-0.0008 – 0.0029) 828.0384   
 Grey-headed flying fox (km2) 0.0008 (-0.0002 – 0.0017) 825.0789   
 Little red flying fox (km2) -0.0001 (-0.0002 – 0.0000) 827.9556   
* denotes the variable significantly contributes to bivariate model 
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Table 6.2. Final multivariable analysis for S. Wangata and S. Typhimurium. The models below 
represent the models with the lowest DIC where all variables significantly contributed to the model.  
Serotype Variable Cumulative incidence ratio (95% 
credible interval) 
S. Wangata Mean annual temperature (°C) 1.310 (1.013 – 1.678) 
 Mean distance to wetland (km) 5.83x106 (1.49x108 – 0.002) 
 Mean amphibian species richness 1.095 (1.034 – 1.172) 
   
S. Typhimurium Proportion < 5 years old (%) 1.073 (1.025 – 1.126) 
 Annual precipitation (mm) 1.002 (1.002 – 1.003) 
 Mean annual temperature (°C) 1.112 (1.034 – 1.185) 
 Sum of river length in POA (km) 1.000 (0.999 – 1.000) 
 Proportion of POA evergreen 0.309 (0.221 – 0.447) 
 Proportion of POA Urban/Built up 2.711 (2.048 – 3.605) 
   
 
 
< 5 years old, greater mean annual temperature and rainfall, a lesser proportion of POA comprising 
evergreen, and a greater proportion of POA comprising urban were associated with S. Typhimurium 
infections.  
Maps of the predicted cases and residual deviance are shown in Figure 6.3. Global Moran’s I of the 
residual deviance for each serotype was non-significant (S. Wangata: Moran I Statistic = -1.0959, P-
value = 0.8634, S. Typhimurium: Moran I Statistic = -4.7719, P- value = 1) suggesting that these two 
models sufficiently accounted for the spatial autocorrelation observed in S. Wangata and S. 
Typhimurium cumulative incidence.  
6.4. Discussion.  
We investigated the geographic distribution of cases of the putative environmental serotype S. 
Wangata, with regard to human socio-demographics, climate, land cover, and wildlife features in 
NSW, Australia, and compared this to the distribution of the established foodborne serotype, S. 
Typhimurium. We found cases of S. Wangata were associated with warmer areas with greater overall 
proximity to wetlands and greater amphibian richness whereas cases of S. Typhimurium were 
associated with urban areas with a younger population, that are warmer and experience more 
precipitation, but which are more urbanised and have less evergreen forest. Moreover, the models 
used to quantify these relationships sufficiently accounted for the spatial dependence associated with 
the cumulative incidence of each serotype. 
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The association between S. Wangata and warmer areas that have a higher amphibian species richness 
and more landscape proximate to wetlands is consistent with the hypothesis that this serotype is 
linked to a wildlife or environmental reservoir. Cases of S. Wangata are more frequent during the 
summer months (NNDSS 2019) however this is the first study to show that an overall warmer climate 
is associated with cases. Proximity and/or access to waterways such as rivers, creeks, lakes and 
beaches was considered as a potential risk factor in our previous epidemiological investigation 
although no association was found (Collins et al. 2019). This might suggest that wetlands specifically, 
not just surface water, are sources of greater risk in the landscape. The importance of wetlands as a 
potential environmental reservoir is supported by the cumulative incidence ratio of distance to 
wetland in the multivariable model (CIR 5.83x106, 95% CI [1.49x108 – 0.002]). A study in the United States 
found that the presence of wetland environments was strongly correlated with cases of salmonellosis, 
postulating that wetlands may aid the persistence of Salmonella and harbour reservoir hosts (Huang, 
J. Y. et al. 2017). This theory is consistent with our previous investigation where S. Wangata was 
isolated from a number of wildlife species associated with wetland environments (i.e. swans and 
pelicans) (Collins et al. 2019). This is further supported by the finding of amphibian species richness in 
the multivariable model. Amphibians are known carriers of Salmonella (Ribas and Poonlaphdecha 
2017) and indirect exposure to frogs was associated with cases of S. Wangata in our previous 
epidemiological study although we did not test amphibians in this investigation (Collins et al. 2019). 
Regions of higher amphibian species richness may also be indicative of underlying high biodiversity, 
as seen in the correlation between this variable and mammal species richness. A number of studies 
have reported outbreaks of Salmonella associated with wild mammalian populations (Handeland et 
al. 2002; Staff et al. 2012; Lawson et al. 2018) and wild birds (Tauni and Österlund 2000; Bloomfield 
et al. 2017) and it is plausible that regions of greater biodiversity, such as wetlands, might promote 
increased likelihood of spill over events from a range of species into human populations. 
 
None of the predicted host species habitat suitability variables were significant in the final 
multivariable model for S. Wangata. Based on our previous investigation, we believe S. Wangata is 
persistent in the environment and cycles through a variety of hosts including occasional spill over to 
humans, as has been reported for different serotypes in other studies (Ashbolt and Kirk 2006; Williams 
et al. 2016). Findings from this study support this hypothesis. Therefore, a clear public health message 
could be to target controllable interactions between humans and wildlife such as advising against the 
use of feeding stations which have been linked to wildlife-associated outbreaks (Handeland et al. 
2002; Warnken et al. 2004). Delivering these messages during the warmer months or in and around 
wetlands may further target at risk populations.  
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Figure 6.3. Predicted cases of A) S. Wangata and B) S. Typhimurium based on the conditional autoregressive models of each serotype. The residual deviance 
is also shown for each serotype.  
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 In contrast to S. Wangata where no anthropogenic variables were associated with cases, the final 
multivariable model for S. Typhimurium included positive associations with population (population 
less than 5 years old) and urban (proportion of POA urban) features, in addition to climate and land 
cover. A higher risk of cases in POAs with larger populations of children < 5 years old is consistent with 
the epidemiology of a foodborne pathogen (Ford et al. 2016). Similarly, the observed association 
between higher temperatures and rainfall has been reported by a number of studies (Akil, Ahmad and 
Reddy 2014; Zhang, Bi and Hiller 2010; Zhang, Bi and Hiller 2012). The finding of a higher risk of S. 
Typhimurium cases in urban environments is less clear. By using the population count in the model 
offset the cases were modelled per person, per km2 so increased populations in the urban centres 
should not have influenced this result. Furthermore, a number of studies have found an increased risk 
of salmonellosis in rural areas (Lal et al. 2012; Dore et al. 2004) potentially due to additional exposures 
such as personal water supplies (Said et al. 2003), contaminated soils (Lal et al. 2012), and contact 
with infected livestock (Baker et al. 2007). In the present study, none of the land cover variables that 
serve as a proxy for agricultural regions (namely, proportion of POA classed as grassland, cropland, 
cropland/natural vegetation mosaic and open shrubland) were found to be significant in the bivariate 
models. The association with highly urban POAs may therefore be due to a reporting bias as there 
would be a greater abundance of healthcare providers in an urban setting (Ford et al. 2003). 
Moreover, it was not possible to exclude outbreak associated cases from the present study. A number 
of S. Typhimurium point source outbreaks associated with food outlets have been recorded in the 
urban areas of Sydney (Norton et al. 2012; Mannes et al. 2010) which may have inflated the effect of 
urban POAs. Nevertheless, it cannot be ruled out that there is an alternative reason for the increased 
risk of cases in an urban environment. The negative relationship between cases of S. Typhimurium 
and evergreen forest is unlikely to suggest a protective relationship but rather that these features are 
usually not predominant in highly populated and urban environments.  
 
6.4.1. Limitations 
A major limitation of this study is aggregation of Salmonella data to the POA level. By aggregating 
cases by POA there was a loss in the spatial resolution of findings. Zoonotic transmission of a pathogen 
occurs at the individual level and is therefore best described using a high-resolution spatial unit such 
as a home address. This information was not available in the current study due to ethics 
considerations. Inference about an individual’s risk, was not therefore possible, however these 
findings were able to account for spatial variation across the study region and are useful in describing 
key features of POAs that can form the basis of future investigations. Cases with a history of overseas 
travel were excluded from the analysis but we were not able to ascertain if cases had a history of local 
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travel. Local travel was found to be associated with cases of S. Mississippi (Ashbolt and Kirk 2006), 
another Australian environmental serotype, and could be an important factor in the epidemiology of 
S. Wangata. We acknowledge that not all wildlife species that have been identified as hosts of S.
Wangata were included as variables in this paper. In particular, S. Wangata has been isolated from a
silver gull (Chroicocephalus novaehollandiae) (Dolejska et al. 2016) and green sea turtles (Chelonia
mydas) (Chapter 4). We pursued some specific hypotheses about potential reservoir hosts given the
findings presented in Chapter 4. Finally, we used population data from the 2011 census which are
skewed towards the later years of the case data. POA boundaries changed slightly in 2011, therefore
the 2011 census data were required in order to align shapefile, case data and population data.
6.5. Conclusions 
Salmonella Wangata and Typhimurium manifest divergent geographies of risk in NSW, Australia. S. 
Wangata – a serotype with a suspected environmental reservoir – was primarily associated with non-
anthropogenic variables: warmer temperatures, proximity to wetlands, and amphibian species 
richness. In contrast, S. Typhimurium – which is the major serotype implicated in foodborne outbreaks 
of salmonellosis – was predominately associated with anthropogenic variables, as well as climate and 
areas with less forest. These divergent geographies support the hypothesis that S. Wangata is not 
predominately transmitted via food but instead via an environmental vector. Control of S. Wangata 
and other environmental serotypes will therefore require a novel approach beyond microbial 
reduction in foods, such as targeted public health messaging. 
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Chapter seven. Discussion 
7.1. Introduction  
Salmonella enterica serovar Wangata is an increasingly important cause of salmonellosis in NSW, 
Australia. This thesis presents the first detailed investigations into this serotype and illustrates the 
importance and benefits of utilising a One Health approach. Comparison of the major Salmonella 
serotypes from different sources in Chapter 3 highlighted that S. Wangata was a frequently isolated 
yet poorly understood Salmonella serotype in humans in NSW. Given that previous routine public 
health investigations had failed to identify a foodborne source of S. Wangata, a partnership with three 
Public Health Units was launched to investigate non-food sources (Chapter 4). A case-control study 
was combined with environmental and wildlife sampling to produce a rich collection of 
epidemiological and microbiological data. In Chapter 5, S. Wangata isolates obtained in this 
investigation were then characterised by whole genomic analysis. Finally, hypotheses generated in 
Chapter 4 were explored further in Chapter 6 using a contextually novel spatial methodology, namely, 
conditional autoregressive (CAR) modelling, using the same human case data as Chapter 3.  
 
The findings of this thesis were underpinned by the strong collaboration developed between human, 
animal and environmental health domains. Each research chapter in this thesis received input from 
veterinary and human health experts. Chapters 4, 5 and 6 additionally included collaborations with 
environmental health officers, microbiologists and a landscape epidemiologist, respectively. All data 
investigated in this thesis are analysed across the human, animal and environmental domains. 
Inclusion of data and expertise from all three domains is considered essential for One Health research 
as stipulated in the Checklist for One Health Epidemiological Reporting of Evidence (COHERE) (Davis 
et al. 2017). Consideration of the perspectives brought by each expertise coupled with the broad range 
of data has ensured this research is holistic and representative of the multiple perspectives needed 
when investigating a zoonotic disease.  
 
From a practical standpoint, the collaboration between different disciplines enabled the investigation 
to combine fundamental knowledge and resources. For example, identification and interviewing of 
cases as they were notified, essential for the research conducted in Chapters 4 and 5, would not have 
been possible without a strong collaboration with the respective Public Health Units. Researchers in 
the School of Veterinary Science, on the other hand, were able to leverage existing connections to 
wildlife heath specialists who facilitated access to networks of wildlife carers. Furthermore, the 
veterinary perspective complemented the public health perspective when designing the 
environmental sampling and case interview questionnaire ensuring both human and animal aspects 
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were adequately incorporated. The data discussed in Chapter 3 relied on the surveillance of diverse 
specialist groups. Finally, development of the models detailed in Chapter 6 would not have been 
possible without the data resources collated by various environmental agencies. 
 
7.2. Key findings 
S. Wangata was found to be present in human, companion animal and wildlife hosts as well as in the 
natural environment, supporting the hypothesis that transmission is predominantly via a non-food 
source. Transmission of this serotype between humans and animals most likely occurs via 
contaminated environments. This is mostly clearly demonstrated by the highly clonal nature of the 
isolates obtained during the investigation detailed in Chapter 4 and characterised in Chapter 5. Given 
that the isolates described were obtained from a range of sources and locations it was initially 
hypothesised that there would be a diversity that would enable discrimination between isolates 
associated with human cases and those that were not. Interestingly, it was found that S. Wangata is 
of a ubiquitous nature and isolates obtained from humans, wildlife, a companion animal and the 
environment shared near identical genomic characteristics. This highly clonal nature is indicative of 
ongoing transmission between the environment, humans and animals however it does not reveal if 
there were any environments or wildlife that were more pivotal in the dissemination and transmission 
of S. Wangata. This question was explored more deeply in Chapters 4 and 6.  
 
Hypothesised reservoir species were identified from the case-control study however all significant 
interactions were indirect (indirect contact with flying-foxes, amphibians and wild birds). 
Environmental and wildlife sampling identified additional wildlife hosts (green sea turtle, black swan, 
pelican, brush turkey and bandicoot). The association between human cases and the predicted 
habitats of these species was therefore investigated using CAR analysis in Chapter 6. None of the 
identified or hypothesised hosts were associated with increased cases of S. Wangata, however 
increased cases were associated with mammal species richness. The wide host range of species from 
which S. Wangata isolates were obtained and the clonality of isolates further suggests that there is no 
single reservoir host of S. Wangata. However, it is possible that there is a species or environment that 
was not included in this investigation and was therefore not identified. Ongoing analysis of wildlife 
surveillance data might help to identify reservoirs or environmental hotspots.  
 
S. Wangata isolates obtained during the investigation in Chapter 4 contained a number of genes 
coding for AMR. Given the observed clonality of isolates it is reasonable to hypothesise that the 
presence of these genes is common in S. Wangata. This is supported by the identification of the same 
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AMR genes in an isolate obtained from the United Kingdom in 2012, suggesting that these AMR genes 
have been present in S. Wangata for some years. The presence of these genes in isolates obtained 
from wildlife and environmental sources also indicates that AMR genes may persist in natural 
environments where antimicrobial selection is presumably less intense. While the presence of AMR 
genes does not necessarily equate to phenotypic resistance, this does raise questions of how such a 
serotype and resistance could be controlled and further underlines the importance of continued One 
Health surveillance of S. Wangata. AMR has implications for the treatment of cases of S. Wangata, in 
particular in those instances in which patients require hospitalisation. Future investigations 
incorporating more detailed patient medical histories and phenotypic testing of isolates would be 
beneficial to understand the clinical significance of AMR genes in S. Wangata. 
 
Companion animals have the potential to carry and transmit Salmonella, however the importance of 
this pathway in the Australian context is unclear. The potential for companion animals to be a reservoir 
of human salmonellosis was demonstrated in Chapter 3 by the large overlap in serotypes between 
humans and companion animals. This was further discussed in Chapter 4 based on the close 
phylogenomic positioning (8 SNP difference) between S. Wangata isolates obtained from a human 
case and their pet dog. While this may suggest a transmission event, it is not possible to rule out a 
common source of infection. There is no evidence of cats hosting S. Wangata, either from the data 
discussed in Chapter 3 or the investigation described in Chapter 4. This is counter to what was initially 
hypothesised in Chapter 3 that cats could act as vectors of Salmonella between wild bird prey and 
their human owners. Many pets remain asymptomatic when infected with Salmonella (Lowden et al. 
2015); this includes the dog infected with S. Wangata that was sampled during the investigation in 
Chapter 4. Since the companion animal data described in Chapter 3 were from a diagnostic laboratory 
– which presumably sees clinical cases – the true prevalence of S. Wangata in companion animals is 
likely to be higher than currently understood. Nevertheless, the case-control study found there was 
no association between direct or indirect contact with companion animals and cases of S. Wangata. 
Ultimately, pets may be a source however they are unlikely to be a major contributor to the cases of 
S. Wangata observed in NSW.  
 
Findings from this thesis suggest that S. Typhimurium, a well described foodborne pathogen, may also 
have environmental reservoirs in NSW. The CAR analysis in Chapter 6 found that infection with S. 
Typhimurium was associated with postal areas that had a predominately evergreen landcover. 
However, in Chapter 3 none of the isolates from the natural environment category were S. 
Typhimurium, nor was this serotype identified in any of the environmental samples obtained during 
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the environmental sampling in Chapter 4. S. Typhimurium was commonly isolated (53%) within the 
wild bird sample category in Chapter 3. It is possible that broadleaf evergreen landcover is a proxy for 
habitat suitable to an avian host. There have been numerous outbreaks of S. Typhimurium DT160 in 
wild birds in Australia, although none have been reported to occur in NSW (Grillo, Cox-Witton and 
Post 2013; Grillo et al. 2016a,  2016b; Grillo and Post 2010,  2009a,  2009b). Additionally, transmission 
of S. Typhimurium between humans and wild birds has also been illustrated overseas (Bloomfield et 
al. 2017). Unfortunately, due to the lack of phage typing in surveillance data outlined in Chapter 3, it 
was not possible to explore this theory in more detail in this thesis.  
 
Positive identification of Salmonella alone is not sufficient for robust surveillance; more detailed 
subtyping, such as serotype, phage type or ideally, WGS, is required. Prevalence does not take into 
consideration that some serotypes are more likely than others to be transmitted from a livestock 
species to humans via food. This was illustrated in Chapter 3 in which S. Dublin made up 25% of cattle 
isolates yet only 0.1% of human isolates. Similarly, as shown in the spatial investigation in Chapter 6, 
different serotypes occupy unique niches which may require tailored epidemiological approaches and 
control measures. 
 
A major limitation to the ongoing One Health surveillance of Salmonella in NSW is barriers to data 
collation due to lack of data harmonisation. The data collated in Chapter 3 originally included 109 
categories for sample origin (excluding wildlife; see appendix D). The development of a framework for 
characterising sample origins is therefore a valuable contribution of this thesis that can be used in 
future research and ongoing surveillance. The development of this framework enabled sample origins 
to be aggregated into 29 distinct categories (see Figure 3.1.). Ongoing surveillance −  particularly in 
food and on-farm − would benefit from utilising either the same or a similar sample type framework. 
This would enable data from multiple data sources to be quickly aggregated, compared and 
summarised in ongoing One Health surveillance reports. This framework can additionally be leveraged 
in future research investigations such as source attribution modelling.   
7.3. Strengths and limitations 
Conducting the case-control investigation in near real-time with the collection of questionnaire data 
as well as environmental and wildlife samples was a major strength of this investigation. However, the 
temporal lag between case notification and interview, household sample collection, laboratory 
analysis and epidemiological data analysis meant that it was not possible to design sampling activities 
that were informed by the results of the case-control investigation. The case-control investigation 
found that presence of wild frogs and flying-foxes were statistically associated with cases. In 
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particular, presence of flying foxes was found to be associated with cases of S. Wangata in humans 
when compared to both neighbourhood and S. Typhimurium controls. Samples from these suspected 
hosts were not able to be collected within the timeframe of this investigation and so this remains an 
open question.  
 
According to the COHERE guidelines, One Health studies should include data and input from animal, 
human and environmental domains (Davis et al. 2017). The environmental perspective is frequently 
left out of One Health discussions and represents an ongoing challenge for One Health research (Davis 
et al. 2017). Therefore, a strength of this study is the incorporation of environmental samples in each 
research chapter. Additionally, in Chapters 4 and 6 there was input from environmental health officers 
and a landscape epidemiologist, respectively. Nevertheless, the investigations could have been further 
strengthened by including soil and ecological specialists given that a number of studies have shown 
that specific plant species and soil types can drive persistence and transmission of Salmonella in the 
environment (Brennan et al. 2014; Parsons, Bull and Gordon 2015).  
 
The investigation of S. Wangata (Chapter 4) was interrupted by a flooding event in northern NSW 
which hindered environmental and wildlife sampling towards the end of the study. Coincidentally, the 
same time period (November 2016 to April 2017) was marked by a spike in human S. Wangata cases 
from the same region. This raised hypotheses about the potential role of flooding events in the 
increasing incidence of S. Wangata cases in NSW. Climatic variables have been identified as drivers of 
salmonellosis cases more generally in Australia (Zhang, Bi and Hiller 2012; Zhang, Bi and Hiller 2010). 
Temperature and rainfall data were included in the spatial analysis (Chapter 6) but the years of the 
human data used in the analysis (2001 – 2015) did not overlap with the flooding event. Data used in 
the spatial analysis (Chapter 6) were initially obtained for the investigation of serotype diversity 
(Chapter 3). Unfortunately, requests for 2016-2017 human data were not approved in time to allow 
more detailed examination of these hypotheses as part of this thesis. Furthermore, the climatic 
variables in the spatial analysis were averaged over the study period which may have limited the ability 
to detect the influence of climate during specific years. Future studies should therefore incorporate a 
temporal analysis which might yield valuable insights into the increasing incidence of cases, with a 
particular focus on flooding events.  
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7.4. Recommendations 
This thesis illustrated that there is strong potential for One Health surveillance in Australia. The 
primary recommendation is therefore to expand current Salmonella surveillance such that it includes 
data from animal and environmental sources where possible. In NSW, surveillance data from livestock 
and food are collected by divisions within the same government department (Department of Primary 
Industries) yet the surveillance data are not routinely integrated or reported. Chapter 3 illustrates that 
it is possible to integrate such data. Use of the framework for categorising sample origin used in 
Chapter 3 and discussed above could facilitate the first step to a streamline collation and comparison 
of data. Specifically, I would recommend mandatory reporting of all positive Salmonella isolates to the 
National Notifiable Disease Surveillance System (NNDSS) with specific metadata requirements such as 
sample origin (using the Chapter 3 framework), date and reason for sampling. Private industries, such 
as poultry companies, should have the option to report data anonymously to negate commercial 
concerns that may arise with reporting of positive diagnoses. 
 
Subtyping methods need to be consistent between the different surveillance networks. At a minimum 
all isolates should be serotyped. Further subtyping methodologies should use standardised 
approaches to enable data sharing between sectors. Ultimately as WGS becomes more affordable, 
sequencing of all positive isolates will enable an unprecedented level of resolution to define 
outbreaks, transmission and key pathogenetic characteristics. While the use of harmonised typing of 
humans and animal isolates will require additional funding, the economic savings as a result of One 
Health surveillance and control have been shown to outweigh the associated costs (Wegener et al. 
2003).  
 
A better understanding and appreciation of non-foodborne sources of Salmonella is required. 
Adoption of alternative approaches dependent on the serotype in question enables a more targeted 
approach to ongoing surveillance. For example, in situations in which a human case is infected with a 
known environmental serotype, routine follow-up could include additional “environmental 
Salmonella” questions to the standard foodborne questionnaire. This may lead to a better 
understanding of the risk factors associated with environmental Salmonella in general.  
 
A source attribution model to investigate the primary sources of Salmonella is NSW is required. The 
data collated as part of Chapter 3 could, following prevalence surveys in animals, form the basis of 
this investigation. This would enable a better understanding of the major contributors to salmonellosis 
in people. Data presented in Chapter 3 would additionally enable the inclusion of wildlife, previously  
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excluded from source attribution models in Australia because of insufficient data (Fearnley et al. 
2018).  
 
This thesis has raised a number of hypotheses around the source of S. Wangata. Most notable is the 
association between cases and surface water as identified in Chapters 4 and 6. Wetlands, in particular, 
are a likely reservoir either due to the environmental characteristics inherit to wetlands, or due to the 
wildlife supported by this environment (e.g. amphibians and waterbirds). Future studies should 
include targeted sampling of wetlands, amphibians and waterbirds. Furthermore, flying foxes were 
identified as potential reservoir hosts in Chapter 4 and also warrant specific sampling ideally 
prioritising colonies located in the vicinity of wetlands. A continuation of the partnerships between 
wildlife carers, the public health department and laboratories, established during the investigations 
of Chapters 4 and 5, would be a strong starting point to facilitate these recommended future studies.  
 
This thesis has demonstrated that One Health approaches are appropriate and achievable for 
investigating environmental serotypes when strong partnerships between public health agencies 
(including environmental health experts), veterinary schools and laboratories are in place. Application 
of these approaches and methods may prove fruitful for investigating other environmental Salmonella 
serotypes in Australia. S. Birkenhead, for example, has been identified as an environmental serotype 
yet there is little understanding of environmental risk factors or distribution (Beard et al. 2004). Non-
travel related S. Enteritidis is also hypothesised to have an environmental reservoir (OzFoodNet 2015).  
 
Finally, more research is needed to understand the transmission mechanisms of S. Wangata. This 
thesis has developed a strong foundation for investigating S. Wangata however ongoing surveillance 
is required to definitively identify the primary sources of infection. Inclusion of temporal methods 
would additionally aid the understanding of reasons for the rapid increase observed in cases.  
7.5. Conclusions 
This thesis aimed to use a One Health approach to investigate Salmonella, specifically the 
environmental serotype, S. Wangata. Prior to this thesis there had been no investigations of S. 
Wangata. Via the collaboration between human, animal and environmental experts, findings 
presented in this thesis offer valuable information regarding the epidemiology and pathogenicity of 
this serotype. These findings would not have been possible without utilising a multidisciplinary 
approach. 
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This thesis has provided evidence that S. Wangata is an environmental serotype and that 
investigations of such serotypes should encompass a One Health approach. Environmental reservoirs 
are an important source of salmonellosis in Australia yet current surveillance methods do not 
adequately address the surveillance requirements of these serotypes. Ongoing surveillance activities 
should adopt similar One Health practises to the ones described in this thesis to effectively address 
the increasing incidence of Salmonella in NSW, Australia.  
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Appendix D. A brief description of each organisation/system that provided data for the serotype diversity study 
Data Source Acrony
m 
Organisation type Details Website  
Notifiable Conditions Incident 
Management System, 
Population Health NSW, NSW 
Health 
NCIMS State Government Provides the system where by all data from 
notifiable conditions in humans in NSW are 
captured. Data is provided by pathology 
laboratories, general practitioners and hospitals. 
http://www.health.nsw.gov.
au/epidemiology/Pages/notif
iable-conditions.aspx 
New South Wales Food 
Authority, Department of 
Primary Industries 
NSWFA State Government Regulatory agency responsible for regulating and 
monitoring food safety from farm to retail. Involved 
in incident response and providing education and 
information on best food safety practices to 
consumers and industry.  
http://www.foodauthority.ns
w.gov.au/ 
State Veterinary Diagnostic 
Laboratory, Department of 
Primary Industries 
SVDL State Government State run laboratory providing diagnostic testing for 
all animals in New South Wales. Primarily services 
livestock.  
http://www.dpi.nsw.gov.au/
about-
us/services/laboratory-
services/veterinary 
Australian Registry Wildlife 
Health, Taronga Conservation 
Society, NSW Office of 
Environment and Heritage 
ARWH  Conservation Society under 
the State office of 
Environment and Heritage, 
NSW 
Conservations society that provides diagnostic 
pathology for wildlife, generates information and 
advice on key wildlife diseases, maintains archives 
of wildlife disease information and provides 
educational services. 
http://arwh.org/ 
Electronic Wildlife Health 
Information System, Wildlife 
Health Australia 
eWHIS Not-for-profit organisation 
(Core funding provided 
mainly by Australian 
Government Department of 
Agriculture and Water 
Resources) 
Database collating information of disease in wildlife 
in Australia.  
https://wildlifehealthaustrali
a.com.au/AboutUs.aspx 
IDEXX Laboratories Pty Ltd IDEXX Private company Private laboratory that provides diagnostic services 
for veterinary clinics.  
http://www.idexx.com.au/co
rporate/about-idexx.html 
National Enteric Pathogen 
Surveillance System, 
Microbiological Diagnostic 
Unit Public Health Laboratory 
NEPSS Public Health Laboratory/ 
Database 
Database for enteric diseases in human and non-
human samples. Submission of samples to NEPSS is 
voluntary for all states other than Victoria and 
Tasmania.  
http://www.health.gov.au/in
ternet/main/publishing.nsf/c
ontent/cda-cdi3001m.htm 
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Appendix E. Details of sample types included in each sample category  
 
 Sample Category Sub-categories 
1 Humans Human  
2 Animal Feed Animal feed NFS* 
Chicken feed 
Cotton seed  
Feather/meat meal 
Meal NFS* 
Water 
3 Non-Animal food Canola 
Grain 
Herb 
Nut & Seed 
Nut & Seed product 
Soybean 
Spice 
Sunflower 
Vegetable NFS* 
Apple strudel 
Beetroot 
Carrot 
Chocolate pastry 
Coriander 
Cucumber 
Hummus 
Lettuce 
Mung beans 
Onion 
Peanuts 
Capsicum 
Tomato 
Tabouli 
Sprouts 
4 Beef Beef 
Beef sausage 
Beef steak 
Silverside 
Roast beef 
5 Dairy Cheese 
Cream 
Dairy NFS* 
6 Poultry/eggs Turkey mince 
Duck carcass 
Eggs 
Egg butter 
Egg shell rinse 
Chicken breast fillet 
Chicken drumstick 
Chicken kebab 
Chicken liver pate  
Chicken mince 
Chicken sausage 
Chicken tenderloin 
Chicken thigh 
Chicken wing 
Deep-fried ice-cream batter 
(made using raw egg) 
Chicken carcass 
Mayonnaise 
Chicken product NFS* 
7 Lamb/Goat Goat 
Lamb kidney 
Lamb mince 
Lamb ragu 
8 Pork Ham 
Pork meat 
Pork heart 
Port kidney 
Pork liver 
Pork sausage 
Pork intestine 
Pork stomach 
9 Game Kangaroo 
Crocodile 
Boar 
10 Seafood Prawn 
Tuna 
Seafood NFS* 
11 Meat unknown Carcass 
Pate 
Tenderloins 
Meat NFS* 
Red rectangular cut meat 
White rectangular cut meat 
12 Mixed Bacon and egg roll Pork and chicken roll 
13 Retail environment Kitchen equipment Restaurant floor  
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Restaurant restroom Display bird pens 
14 Farm environment Animal habitat 
Farm environment 
Boot swabs 
Farm equipment 
Rat faeces on farm 
15 Natural environment Sand and bark Natural water source 
16 Other environment Water NFS* 
Cleaning equipment NFS* 
Effluent NFS* 
Environmental sample NFS* 
17 Cattle  Cattle  
18 Pig Pigs  
19 Poultry Chickens broilers Chicken layers 
20 Small ruminants Sheep 
Alpaca 
Goat 
21 Horse Horse  
22 Cat Cat  
23 Dog Dog  
24 Captive Bird Accipitriformes 
Anseriformes 
Caprimulgiformes 
Casuariiformes 
Cathartiformes 
Charadriiformes 
Ciconiiformes 
Columbiformes 
Cuculiformes 
Galliformes 
Gruiformes 
Passeriformes 
Pelecaniformes 
Psittaciformes 
Sphenisciformes 
25 Captive Reptiles Squamata Testudines 
26 Captive Mammals Artiodactyla 
Carnivora 
Diprotodontia 
Lagomorphia 
Monotremata 
Peramelemorphia 
Perissodactyla 
Primates 
Rodentia 
Strigiformes 
27 Wild Bird Anseriformes 
Caprimulgiformes 
Charadriiformes 
Ciconiiformes 
Columbiformes 
Cuculiformes 
Galliformes 
Gruiformes 
Passeriformes 
Pelecaniformes 
Psittaciformes 
Sphenisciformes 
Strigiformes 
28 Wild Mammals Diprotodontia 
Lagomorphia 
Monotremata 
Peramelemorphia 
Rodentia 
29 Wild Reptiles Squamata Testudines 
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Appendix F. Top ten most frequently isolated serotypes from each sample category 
 
Includes number of isolates per serotype and percentage of isolates attributable to each serotype. 
S. Monophasic – other refers to serotypes, other than S. Typhimurium, that are missing an H antigen 
and are therefore not able to be typed as a particular serotype.     
 
1 Humans n % 
 1 S. Typhimurium 21291 56 
 2 S. Enteritidis 1644 4 
 3 S. Virchow 1279 3 
 4 S. Birkenhead 1175 3 
 5 S. Infantis 971 3 
 6 S. Paratyphi B bv Java 870 2 
 7 S. Saintpaul 738 2 
 8 S. Bovismorbificans 726 2 
 9 S. Wangata 575 2 
 10 S. Stanley 491 1 
  Other (n=240) 8346 22 
  TOTAL 38106 100 
FOOD 
2 Animal Feed 
 1 S. Orion 213 15 
 2 S. Senftenberg 195 13 
 3 S. Anatum 145 10 
 4 S. Tennessee 137 9 
 5 S. Agona 130 9 
 6 S. Liverpool 100 7 
 7 S. monophasic - other  69 5 
 8 S. Havana 63 4 
 9 S. Singapore 58 4 
 10 S. Infantis 58 4 
  Other (n=48) 278 19 
  TOTAL 1446 100 
3 Non-animal origin 
 1 S. Aberdeen 226 20 
 2 S. Agona 139 12 
 3 S. Typhimurium 98 9 
 4 S. Senftenberg 55 5 
 5 S. Mbandaka 54 5 
 6 S. monophasic - other  52 5 
 7 S. Havana 43 4 
 8 S. Hvittingfoss 41 4 
 9 S. Birkenhead 32 3 
 10 S. Zanzibar 32 3 
  Other (n=59) 367 32 
  TOTAL 1139 100 
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4 Beef 
 1 S. Typhimurium 8 13 
 2 S. Bovismorbificans 8 13 
 3 S. Dublin 5 8 
 4 S. Infantis 4 6 
 5 S. monophasic - other  3 5 
 6 S. Orion 3 5 
 7 S. London 3 5 
 8 S. Give 3 5 
 9 S. Poona 2 3 
 10 S. Heidelberg  2 3 
  Other (n=19) 22 35 
  TOTAL 63 100 
5 Dairy 
 1 S. Typhimurium 7 39 
 2 S. Uganda 1 6 
 3 S. Singapore 1 6 
 4 S. Zanzibar 1 6 
 5 S. Bredeney 1 6 
 6 S. Bovismorbificans 1 6 
 7 S. Tennessee 1 6 
 8 S. Kottbus 1 6 
 9 S. Warragul 1 6 
 10 S. Mbandaka 1 6 
  Other (n=2) 2 11 
  TOTAL 18 100 
6 Poultry/eggs 
 1 S. Subsp II ser 1,4,12,27:b:[e,n,x] (Sofia) 564 41 
 2 S. Typhimurium 251 18 
 3 S. Infantis 105 8 
 4 S. Abortusovis 104 8 
 5 S. monophasic - other  70 5 
 6 S. Montevideo 53 4 
 7 S. Kiambu 30 2 
 8 S. Anatum 19 1 
 9 S. Virchow 17 1 
 10 S. Agona 17 1 
  Other (n=38) 140 10 
  TOTAL 1370 100 
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7 Lamb/goat 
 1 S. Typhimurium 7 21 
 2 S. Reading 3 9 
 3 S. Bredeney 3 9 
 4 S. Subsp II ser 1,4,12,27:b:[e,n,x] (Sofia) 2 6 
 5 S. Saintpaul 2 6 
 6 S. Tennessee 2 6 
 7 S. Bovismorbificans 1 3 
 8 S. Give 1 3 
 9 S. Chester 1 3 
 10 S. Havana 1 3 
  Other (n=10) 10 30 
  TOTAL 33 100 
8 Pork 
 1 S. monophasic - other  56 16 
 2 S. Typhimurium 49 14 
 3 S. Anatum 38 11 
 4 S. Rissen 36 10 
 5 S. Infantis 32 9 
 6 S. London 28 8 
 7 S. Derby 19 5 
 8 S. Johannesburg 14 4 
 9 S. Stanley 13 4 
 10 S. Ohio 8 2 
  Other (n=22) 55 16 
  TOTAL 348 100 
9 Game meat 
 1 S. Urbana 3 15 
 2 S. Zanzibar 1 5 
 3 S. Saintpaul 1 5 
 4 S. Onderstepoort 1 5 
 5 S. Bovismorbificans 1 5 
 6 S. Subsp IIIb ser 61:k:1,5,7 1 5 
 7 S. Bredeney 1 5 
 8 S. Muenchen 1 5 
 9 S. Chester 1 5 
 10 S. Rubislaw 1 5 
  Other (n=8) 8 40 
  TOTAL 20 100 
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10 Seafood 
 1 S. Paratyphi B bv Java 12 44 
 2 S. Agona 7 26 
 3 S. Typhimurium 2 7 
 4 S. Virchow 2 7 
 5 S. Chailey 1 4 
 6 S. Weltevreden 1 4 
 7 S. Bareilly 1 4 
 8 S. Subsp II ser 17:g,t:[e,n,x,z15]  1 4 
 9    
 10    
     
  TOTAL 27 100 
11 Meat (unknown) 
 1 S. Subsp II ser 1,4,12,27:b:[e,n,x] (Sofia) 42 27 
 2 S. London 25 16 
 3 S. Typhimurium 22 14 
 4 S. Infantis 10 7 
 5 S. Abortusovis 7 5 
 6 S. Orion 4 3 
 7 S. monophasic - other  3 2 
 8 S. Johannesburg 3 2 
 9 S. Havana 3 2 
 10 S. Anatum 3 2 
  Other (n=22) 31 20 
  TOTAL 153 100 
12 Mixed 
 1 S. Typhimurium 25 58 
 2 S. Infantis  3 7 
 3 S. Virchow 2 5 
 4 S. Anatum 2 5 
 5 S. Montevideo 2 5 
 6 S. Newport 2 5 
 7 S. Subsp II ser 1,4,12,27:b:[e,n,x] (Sofia) 1 2 
 8 S. Senftenberg 1 2 
 9 S. Give 1 2 
 10 S. Enteritidis 1 2 
  Other (n=3) 3 7 
  TOTAL 43 100 
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ENVIRONMENT 
13 Retail 
 1 S. Typhimurium 98 52 
 2 S. Infantis 48 26 
 3 S. Virchow 8 4 
 4 S. Bovismorbificans 7 4 
 5 S. Bareilly 6 3 
 6 S. Hvittingfoss 5 3 
 7 S. Subsp II ser 1,4,12,27:b:[e,n,x] (Sofia) 2 1 
 8 S. Singapore 2 1 
 9 S. Kiambu 2 1 
 10 S. Mbandaka 2 1 
  Other (n=8) 8 4 
  TOTAL 188 100 
14 Farm 
 1 S. Infantis 649 20 
 2 S. Typhimurium 645 20 
 3 S. monophasic - other  361 11 
 4 S. Agona 162 5 
 5 S. Kiambu 159 5 
 6 S. Ohio 154 5 
 7 S. Mbandaka 141 4 
 8 S. Singapore 136 4 
 9 S. Virchow 84 3 
 10 S. Senftenberg 80 2 
  Other (n=58) 640 20 
  TOTAL 3211 100 
15 Natural 
 1 S. Paratyphi B bv Java 93 84 
 2 S. monophasic - other  7 6 
 3 S. Bovismorbificans 2 2 
 4 S. Victoria 1 1 
 5 S. Subsp II ser 21:z10:z6  1 1 
 6 S. monophasic - Typhimurium 1 1 
 7 S. Reading 1 1 
 8 S. Subsp II ser 42:g,t:-  1 1 
 9 S. Welikade 1 1 
 10 S. Give 1 1 
  Other (n=2) 2 2 
  TOTAL 111 100 
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16 Other 
 1 S. monophasic - other  230 27 
 2 S. Singapore 168 20 
 3 S. Livingstone 127 15 
 4 S. Typhimurium 65 8 
 5 S. Worthington 29 3 
 6 S. Agona 26 3 
 7 S. Mbandaka 25 3 
 8 S. Tennessee 19 2 
 9 S. Infantis 16 2 
 10 S. Kentucky 15 2 
  Other (n=37) 130 15 
  TOTAL 850 100 
ANIMAL 
17 Cattle 
 1 S. Typhimurium 191 32 
 2 S. Dublin 152 26 
 3 S. Bovismorbificans 73 12 
 4 S. Anatum 18 3 
 5 S. Give 16 3 
 6 S. Infantis 14 2 
 7 S. Newport 13 2 
 8 S. Orion 12 2 
 9 S. Mbandaka 10 2 
 10 S. Zanzibar 10 2 
  Other (n=28) 87 15 
  TOTAL 596 100 
18 Pig 
 1 S. monophasic - Typhimurium 169 24 
 2 S. Rissen 119 17 
 3 S. Typhimurium 67 10 
 4 S. Derby 40 6 
 5 S. Bredeney 38 5 
 6 S. Johannesburg 31 4 
 7 S. Bovismorbificans 29 4 
 8 S. Ohio 28 4 
 9 S. Anatum 28 4 
 10 S. Infantis 26 4 
  Other (n=20) 128 18 
  TOTAL 703 100 
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19 Poultry 
 1 S. Typhimurium 33 61 
 2 S. Give 5 9 
 3 S. Orion 4 7 
 4 S. Subsp II ser 1,4,12,27:b:[e,n,x] (Sofia) 2 4 
 5 S. Kiambu 2 4 
 6 S. Mbandaka 2 4 
 7 S. Senftenberg 1 2 
 8 S. Agona 1 2 
 9 S. Bovismorbificans 1 2 
 10 S. Infantis 1 2 
  Other (n=2) 2 4 
  TOTAL 54 100 
20 Small ruminants 
 1 S. Typhimurium 73 49 
 2 S. Bovismorbificans 37 25 
 3 S. Infantis 17 11 
 4 S. Tennessee 4 3 
 5 S. Muenchen 2 1 
 6 S. Dublin 2 1 
 7 S. Orientalis 2 1 
 8 S. Zanzibar 1 1 
 9 S. Chester 1 1 
 10 S. Amsterdam 1 1 
  Other (n=9) 9 6 
  TOTAL 149 100 
21 Horse 
 1 S. Typhimurium 18 32 
 2 S. Bovismorbificans 5 9 
 3 S. Anatum 5 9 
 4 S. Orion 4 7 
 5 S. Infantis 3 5 
 6 S. Montevideo 2 4 
 7 S. Muenchen 2 4 
 8 S. Muenster 2 4 
 9 S. Give 2 4 
 10 S. Agona 2 4 
  Other (n=9) 12 21 
  TOTAL 57 100 
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22 Cat 
 1 S. Typhimurium 78 52 
 2 S. Chester 12 8 
 3 S. Virchow 7 5 
 4 S. Infantis 6 4 
 5 S. monophasic - other 5 3 
 6 S. Bovismorbificans 4 3 
 7 S. monophasic - Typhimurium 4 3 
 8 S. Muenchen 4 3 
 9 S. Subsp II ser 1,4,12,27:b:[e,n,x] (Sofia) 3 2 
 10 S. Waycross 3 2 
  Other serotype (n=20) 24 16 
  TOTAL 150 100 
23 Dog 
 1 S. Typhimurium 71 19 
 2 S. Bovismorbificans 23 6 
 3 S. Virchow 20 5 
 4 S. Infantis 19 5 
 5 S. Subsp II ser 4,12:b:- 18 5 
 6 S. Subsp II ser 1,4,12,27:b:[e,n,x] (Sofia) 13 3 
 7 S. Aberdeen 12 3 
 8 S. Agona 11 3 
 9 S. Saintpaul 10 3 
 10 S. Dublin 10 3 
  Other (n=56) 170 45 
  TOTAL 377 100 
24 Captive bird 
 1 S. Typhimurium 63 66 
 2 S. Wangata 9 9 
 3 S. Bovismorbificans 2 2 
 4 S. Senftenberg 2 2 
 5 S. Kottbus 2 2 
 6 S. Infantis 2 2 
 7 S. Mbandaka 2 2 
 8 S. Subsp IV ser 1,44:z4,z32:-  1 1 
 9 S. Virchow 1 1 
 10 S. Subsp IIIb ser 61:z52:z53 1 1 
  Other (n=11) 11 11 
  TOTAL 96 100 
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25 Captive reptile 
 1 S. Subsp IIIa ser 41:z4,z23:- 24 10 
 2 S. Subsp IV ser 43:z4,z23:-  19 8 
 3 S. Subsp IIIb ser 18:l,v:z 9 4 
 4 S. Subsp IIIb ser 48:z52:z 8 3 
 5 S. Adelaide 8 3 
 6 S. Subsp IIIb ser 35:k:z53 7 3 
 7 S. Subsp IIIb ser 61:z52:z53 7 3 
 8 S. Havana 6 3 
 9 S. Subsp IIIb ser 61:r:z53 6 3 
 10 S. Muenchen 6 3 
  Other (n=78) 136 58 
  TOTAL 236 100 
26 Captive mammal 
 1 S. Typhimurium 16 18 
 2 S. Give 9 10 
 3 S. Saintpaul 7 8 
 4 S. Bovismorbificans 7 8 
 5 S. Agona 5 6 
 6 S. Havana 5 6 
 7 S. Hvittingfoss 3 3 
 8 S. Kiambu 3 3 
 9 S. Orion 3 3 
 10 S. Adelaide 2 2 
  Other (n=22) 28 32 
  TOTAL 88 100 
27 Wild bird 
 1 S. Typhimurium 40 53 
 2 S. monophasic - other  6 8 
 3 S. Paratyphi B bv Java 5 7 
 4 S. monophasic - Typhimurium  3 4 
 5 S. Infantis 3 4 
 6 S. Chester 2 3 
 7 S. Orion 2 3 
 8 S. Adelaide 2 3 
 9 S. Singapore 2 3 
 10 S. Newport 1 1 
  Other (n=10) 12 16 
  TOTAL 76 100 
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28 Wild reptile 
 1 S. monophasic - other  29 45 
 2 S. Adelaide 8 12 
 3 S. Subsp IV ser 43:z4,z23:-  3 5 
 4 S. Paratyphi B bv Java 3 5 
 5 S. Montevideo 2 3 
 6 S. Subsp IV ser rough:z4,z23:- 2 3 
 7 S. monophasic - Typhimurium 2 3 
 8 S. Dublin 2 3 
 9 S. Havana 2 3 
 10 S. Rubislaw 2 3 
  Other (n=10) 10 15 
  TOTAL 65 100 
29 Wild mammal 
 1 S. Paratyphi B bv Java 60 61 
 2 S. Sylvania 7 7 
 3 S. Bovismorbificans 6 6 
 4 S. Typhimurium 5 5 
 5 S. Dublin 4 4 
 6 S. Potsdam 2 2 
 7 S. Orion 2 2 
 8 S. Zanzibar 2 2 
 9 S. Muenchen 2 2 
 10 S. Give 1 1 
  Other (n=8) 8 8 
  TOTAL 99 100 
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Appendix G. Case-Control questionnaire 
Salmonella Wangata 
 CASE-CONTROL QUESTIONNAIRE   
 
Participant ID:  
  
☐ Case (Salmonella Wangata)   ☐ Control (Salmonella Typhimurium) 
 
AGE GROUP 
☐ 0-4 years     ☐  5-14 years     ☐ 15-64 years     ☐  65 years and over 
 
PRE INTERVIEW INFORMATION 
Notification ID (NCIMS No) : 
First Name: Last Name: 
DOB: Age: Sex:     ☐ Female     ☐ Male       ☐ Other 
Address:  Telephone 1: 
Telephone 2: 
 
ATTEMPTS TO CONTACT 
 Date Time Interviewer Outcome 
1 ____/____/____    
2 ____/____/____    
3 ____/____/____    
4 ____/____/____    
5 ____/____/____    
6 ____/____/____    
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INTRODUCTION 
“Hello, my name is ________________ and I work for the local Department of Health. 
For adults: May I please speak with _________________________ <name of case>? 
For children: May I please speak with the parent or guardian of ________________________ <name 
of case>? 
INTERVIEWER: When the case/control comes to the phone, repeat the introduction then proceed with 
the explanatory statement.   
If the case/control is unavailable, then arrange an alternative time for the interview. 
 
“I believe you have [your child has] been unwell recently and had a stool sample collected, is that 
correct?” 
Did the doctor provide you with the results of your stool sample? (If no, advise that the stool was 
positive for Salmonella) 
Salmonella is a notifiable infectious disease, which means that doctors and laboratories are required 
to notify the Health Department. We are currently conducting an investigation into an increase of 
cases with Salmonella. We would like to ask you some questions about your [your child’s] illness 
using a survey. 
The topics covered by the survey include clinical information about your illness, travel information, 
foods eaten, outdoor or environmental exposures and possible contact with animals that you [your 
child] may have had before becoming unwell.  
The questions should take about 20 minutes. Your participation is voluntary. Confidentiality will be 
protected as far as the law allows. Can you assist us by participating in this investigation?” 
☐ Yes      
☐  No -  reason for not participating:    ☐ No time    ☐ Not interested      ☐ Other:  
For children 15-17 years :    
“Do you give your consent for me to speak directly with ___________________<name of case>?” 
 
INTERVIEWER: Please note that for cases/controls under the age of 15 years, (and those 15-17 if the 
parent is being interviewed) questions relate to the case/control, not the person being interviewed 
unless specified in the body of the questionnaire. 
 
“You may withdraw from the survey at any time. If you any concerns about participating in this 
investigation you can discuss them with me, or if you have a complaint about the manner in which the 
investigation is conducted and would like to speak to an independent person, you are welcome to 
contact Dr Nicole Gerrand, Manager of Research Ethics and Governance at Hunter New England Local 
Health District on (02) 4921 4950.” 
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SECTION 1: DEMOGRAPHIC DETAILS 
“To start, I would just like to confirm some of your details…” 
Interviewer to complete prior to 
interview: DOB:        
DOB correct?   
☐ Yes     ☐  No 
1.  Were you [your child] born in Australia?      ☐ Yes     ☐  No 
2.  Do you [does your child] identify as being of Aboriginal or Torres Strait Islander origin?  
(tick all that apply) 
☐ No - neither   ☐  Yes - Aboriginal   ☐ Yes – Torres Strait Islander   ☐  Yes – both    ☐ Prefer not to 
say     
 
“Because I will be asking about specific dates around the time of your illness, it may be helpful for 
you to have a calendar or diary in front of you. Do you need a few minutes to get these?” 
 
  
SECTION 2: CLINICAL INFORMATION 
Interviewer to complete prior to interview:        Date of specimen collection:  ____/____/____ 
“I am now going to ask some questions about your [your child’s] illness.” 
3.  What date did your [your child’s] diarrhoea begin? 
(If person is unsure, prompt with the date of stool specimen collection above) 
☐ Unsure / no clear onset date (END INTERVIEW – see below) 
☐ No diarrhoea (END INTERVIEW – see below) 
____/____/____ 
4.  In the 2 weeks before your [your child’s] illness began, did anyone else in your household have 
diarrhoea? 
☐ Yes (END INTERVIEW – see below) 
☐ No 
☐ Don’t know/unsure 
INTERVIEWER:  
If case cannot recall diarrhoea onset date or did not experience diarrhoea – END INTERVIEW with: 
“Since you are unable to recall the date that your [your child’s] diarrhoea began / you [your child] 
did not experience any diarrhoea, we will not be able to include you in your investigation.  
If there was someone in the case’s household with diarrhoea in the 2 weeks prior – END INTERVIEW 
with: 
 “Since there was someone else in your household who was unwell with diarrhoea before you, we 
will not be able to include you in our investigation. It is possible that you may have caught the 
Salmonella infection from them.  
Are there any questions you would like to ask me?   
Would you like me to send you some information about Salmonella?  
Thank you very much for your time and cooperation.” 
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SECTION 3: TRAVEL INFORMATION 
9.  In the 7 days before your [your child’s] diarrhoea began, did you [your child] travel more than 
100kms from your home? (This includes overseas, interstate and travel within NSW) 
☐ Yes (END INTERVIEW – see below) 
☐ No 
☐ Don’t know/unsure. If unsure of distance, location of travel:  
If the case/control travelled during the exposure period (7 days prior to diarrhoea onset)  
END THE INTERVIEW with: 
“Since you were travelling during the exposure period, we will not be able to include you in our 
investigation. Thank you for your assistance today.” 
 
5.  Did you [your child] experience any of the following symptoms associated with the illness? 
 Symptom Yes No Don’t Know/Unsure  
 Diarrhoea ☐ ☐ ☐  
 Abdominal pain (stomach cramps) ☐ ☐ ☐  
 Blood in your stool ☐ ☐ ☐  
 Nausea ☐ ☐ ☐  
 Vomiting ☐ ☐ ☐  
 Fever ☐ ☐ ☐  
 Headache ☐ ☐ ☐  
 Lethargy (tiredness) ☐ ☐ ☐  
 Muscle / body aches ☐ ☐ ☐  
 Other symptoms ☐ ☐ ☐  
 If other symptoms, please specify:  
6.  Were you [was your child] admitted to hospital for this illness?  
☐ Yes 
☐ No 
☐ Don’t know/unsure 
7.  If yes, for how many nights were you [was your child] hospitalised? 
(Note: If admitted for less than one night, put <1 night) 
 nights 
8.  (Do not ask if case is a child less than 15 years)            ☐ Not applicable 
When your symptoms began, were you employed as a health care worker, child-care worker or 
food preparer/food handler? 
☐ Yes 
☐ No 
☐ Don’t know/unsure 
INTERVIEWER: If ‘yes’ to the question above, you will need to ensure this is followed up with the 
relevant public health action. 
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FOOD EXPOSURES 
“I am now going to ask some questions about your [your child’s] food exposures. For these 
questions, we are only interested in food consumed in the 7 days prior to the onset of your [your 
child’s] diarrhoea.” 
For you [your child], your first day of illness was:    ____/____/____  7 days before this was:  
____/____/____ 
10.  Did you [your child] eat from any cafes, restaurants or fast food outlets? 
☐ Yes (complete table below) 
☐ No 
☐ Don’t know/unsure 
Name Location Ate food inside/outside 
Date and time 
of consumption Foods consumed 
 
 
 
 ☐ Inside 
☐ Outside 
____/____/____ 
☐ AM  ☐ PM 
 
 
 
 
 ☐ Inside 
☐ Outside 
____/____/____ 
☐ AM  ☐ PM 
 
 
 
 
 
 ☐ Inside 
☐ Outside 
____/____/____ 
☐ AM  ☐ PM 
 
 
 
 
11.  Did you [your child] eat food purchased from a farmers market or local market? 
(Interviewer: prompt for fresh produce: fruit and vegetables, nuts, meats, eggs) 
☐ Yes (complete table below) 
☐ No 
☐ Don’t know/unsure 
Market name Market location Date and time of consumption Foods consumed 
 
 
 ____/____/____ 
☐ AM  ☐ PM 
 
 
 
 
 
 ____/____/____ 
☐ AM  ☐ PM 
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SECTION 4: PROPERTY EXPOSURES 
“I am now going to ask some questions about the property that you live on.” 
12.  What is the size of the property that you live on? 
☐ 1/4 acre or less / standard house block  
☐ Greater than 1/4 acre to 5 acres / 0.1 – 2 hectares  
☐ Greater than 5 acres / Greater than 2 hectares  
13.  Do you use a private water supply on your property? (Eg. Rainwater tank, bore water) 
☐ Yes      
☐ No      
☐ Don’t know/unsure 
If yes, do you use the water for:  (tick for yes) 
☐ Drinking & food preparation       
☐ Showering/bathing or oral hygiene (brushing teeth)     
☐ Watering fruit, vegetables or herbs      
☐ Other. Please specify:      
14.  Do you grow any fruit on your property? (Eg. orange, apple, mango) 
☐ Yes. Please specify:   
☐ No 
☐ Don’t know/unsure 
15.  Do you grow any nuts on your property? (Eg. macadamia, pecan) 
☐ Yes. Please specify:   
☐ No 
☐ Don’t know/unsure 
16.  Have you seen any bats/flying foxes on your property? (this includes bats flying over your property) 
☐ Yes     ☐ No     ☐ Don’t know/unsure 
If yes, when was the last time you saw bats/flying foxes on your property? 
☐ Less than 1 week before the date that diarrhoea began      
☐ 1 week  to 1 month before the date that diarrhoea began 
☐ More than a month before the date that diarrhoea began 
☐ Don’t know / unsure 
17.  Do you grow any vegetables or herbs on your property? 
 ☐ Yes. Please specify:   
☐ No 
☐ Don’t know/unsure 
18.  In the 7 days prior to the onset of your [your child’s] diarrhoea, did you [your child] eat any 
food that was grown at home? 
☐ Yes. Please specify:   
☐ No 
☐ Don’t know/unsure 
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19.  In the 7 days prior to the onset of your [your child’s] diarrhoea, did you [your child] have had 
any contact with soil or grass? (eg. gardening, mowing or kids playing) 
☐ Yes. Please specify:   
☐ No 
☐ Don’t know/unsure 
SECTION 5: HOUSEHOLD PET EXPOSURES 
“I am now going to ask about any direct or indirect contact you [your child] may have had with 
household pets or their faeces.   
Direct contact includes patting or touching the pet, or having contact with the pet’s faeces.  
Indirect contact includes feeding or being in the same environment as the pet (i.e. room, house, 
property).” 
Direct Indirect 
Patting or touching 
Contact with faeces (dogs – cleaning up faeces at home and 
during walks, kitty litter, cleaning bird cage or animal tank) 
Feeding (if no direct contact) 
Being in the same environment  
 
20.  In the 7 days prior to when your [your child’s] diarrhoea began, did you [your child] have any 
direct or indirect contact with a: 
 Pet Type of contact  
a) Dog/Puppy ☐ No contact       ☐ Direct contact       ☐ Indirect contact       ☐ Don’t know        
b) Cat/Kitten ☐ No contact       ☐ Direct contact       ☐ Indirect contact       ☐ Don’t know        
c) Bird ☐ No contact       ☐ Direct contact       ☐ Indirect contact       ☐ Don’t know        
d) Chicken ☐ No contact       ☐ Direct contact       ☐ Indirect contact       ☐ Don’t know        
e) Fish ☐ No contact       ☐ Direct contact       ☐ Indirect contact       ☐ Don’t know        
f) Pet turtle ☐ No contact       ☐ Direct contact       ☐ Indirect contact       ☐ Don’t know        
g) Pet snake ☐ No contact       ☐ Direct contact       ☐ Indirect contact       ☐ Don’t know        
h) Pet lizard 
Please specify:   
 
☐ No contact       ☐ Direct contact       ☐ Indirect contact       ☐ Don’t 
know        
i) Other  
Please specify: 
☐ No contact       ☐ Direct contact       ☐ Indirect contact       ☐ Don’t 
know        
21.  If yes to direct or indirect contact with a dog/puppy in Q20 (otherwise go to Q24)  
Do you own the dog/puppy that you [your child] had contact with? 
☐ Yes 
☐ No (go to Q24) 
22.  In the 7 days prior to your [your child’s] illness, was the dog/puppy taken for a walk outside of 
your property? 
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☐ Yes. Specify name and location of any parks: 
☐ No 
☐ Don’t know / unsure 
 
23.  In the 7 days prior to your [your child’s] illness, did the dog/puppy have contact with a natural 
water source? (Eg. creek, river, lake or beach) 
☐ Yes. Specify name and location: 
☐ No 
☐ Don’t know / unsure 
24.  If yes to direct or indirect contact with a cat/kitten in Q20 (otherwise go to Q27)  
Do you own the cat/kitten that you [your child] had contact with? 
☐ Yes 
☐ No (go to Q27) 
25.  Is your cat/kitten normally an indoor or an outdoor cat/kitten? 
☐ Indoor cat      ☐ Outdoor cat     ☐ Both 
26.  Is the cat/kitten known to eat [or was there any evidence that the cat/kitten ate] native 
animals? 
☐ Yes     ☐ No     ☐ Don’t know/unsure 
SECTION 6: OTHER ANIMAL EXPOSURES 
“I am now going to ask about any direct or indirect contact you [your child] may have had with other 
animals.   
This includes animals that were part of a petting zoo, commercial zoo or agricultural show, as well as 
animals on your property or surrounding areas.  
Please do not include contact with any animals that you previously identified as being a “pet.”  (Q19) 
Direct contact includes patting or touching the animal or having contact with the animal’s faeces.  
Indirect contact includes feeding or being in the same environment as the animal.”  
Direct Indirect 
Patting or touching 
Contact with faeces (this includes getting it on your shoes) 
Feeding (if no direct contact) 
Being in the same environment (i.e. property) 
 
27.  In the 7 days prior to when your [your child’s] diarrhoea began, did you [your child] have any 
direct or indirect contact with a: 
 Animal Type of contact 
Cow / calf ☐ No contact       ☐ Direct contact       ☐ Indirect contact       ☐ Don’t know        
Sheep / lamb ☐ No contact       ☐ Direct contact       ☐ Indirect contact       ☐ Don’t know        
Horse / foal ☐ No contact       ☐ Direct contact       ☐ Indirect contact       ☐ Don’t know        
Goat / kid ☐ No contact       ☐ Direct contact       ☐ Indirect contact       ☐ Don’t know        
Alpaca ☐ No contact       ☐ Direct contact       ☐ Indirect contact       ☐ Don’t know        
Pig ☐ No contact       ☐ Direct contact       ☐ Indirect contact       ☐ Don’t know        
Chicken ☐ No contact       ☐ Direct contact       ☐ Indirect contact       ☐ Don’t know        
Kangaroo/ wallaby ☐ No contact       ☐ Direct contact       ☐ Indirect contact       ☐ Don’t know        
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Quoll/native cat ☐ No contact       ☐ Direct contact       ☐ Indirect contact       ☐ Don’t know        
Possum ☐ No contact       ☐ Direct contact       ☐ Indirect contact       ☐ Don’t know        
Bandicoot ☐ No contact       ☐ Direct contact       ☐ Indirect contact       ☐ Don’t know        
Ibis ☐ No contact       ☐ Direct contact       ☐ Indirect contact       ☐ Don’t know        
Seagull  ☐ No contact       ☐ Direct contact       ☐ Indirect contact       ☐ Don’t know        
Duck  ☐ No contact       ☐ Direct contact       ☐ Indirect contact       ☐ Don’t know        
Bird (other) 
Specify: 
☐ No contact       ☐ Direct contact       ☐ Indirect contact       ☐ Don’t know        
Bat/flying fox ☐ No contact       ☐ Direct contact       ☐ Indirect contact       ☐ Don’t know        
Native frog ☐ No contact       ☐ Direct contact       ☐ Indirect contact       ☐ Don’t know        
Native snake ☐ No contact       ☐ Direct contact       ☐ Indirect contact       ☐ Don’t know        
Native lizard 
Please specify:   
 
☐ No contact       ☐ Direct contact       ☐ Indirect contact       ☐ Don’t know        
Other.   
Please specify:  
 
☐ No contact       ☐ Direct contact       ☐ Indirect contact       ☐ Don’t know        
 
28.  If yes to direct or indirect contact with any of the animals listed above (otherwise go to Q29) 
Did you have any contact with animals at the following locations: 
Petting zoo ☐ Yes     ☐ No      
Commercial zoo ☐ Yes     ☐ No      
Agricultural show ☐ Yes     ☐ No      
If yes, please specify the name and location of the zoo/show and the animals that you [your child] 
had contact with:  
 
SECTION 7: OTHER OUTDOOR EXPOSURES 
29.  In the 7 days prior to when your [your child’s] diarrhoea began, did you [your child] go to a 
local park or playground. 
☐ Yes. Specify name and location: 
               If yes, did you [your child]: (tick for yes) 
☐ Play in or have contact with sand/mulch/dirt 
☐ Drink from a bubbler or tap  
☐ Have contact with water from a water feature, such as a fountain or pond 
☐ No 
☐ Don’t know/unsure 
30.  In the 7 days prior to when your [your child’s] diarrhoea began, did you [your child] go to a 
national park or reserve? 
☐ Yes. Specify name and location:  
☐ No 
☐ Don’t know/unsure  
31.  In the 7 days prior to when your [your child’s] diarrhoea began, did you [your child] have 
contact with a natural water source, such as a creek, river, lake or beach?  
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(eg. swimming, fishing or walking through water) 
☐ Yes. Specify name and location:  
☐ No 
☐ Don’t know/unsure 
32.  In the 7 days prior to when your [your child’s] diarrhoea began, did you [your child] swim in a 
pool?  
☐ Yes. 
               If yes, where was the pool: 
☐ At own residence 
☐ Other. Please specify: 
☐ No 
☐ Don’t know/unsure 
CONCLUSION 
“That is the end of the information that I need to collect from you today. Thank you for your time. 
The information you provide in this questionnaire is for the purpose of trying to prevent further cases of 
illness in the community. 
The data collected is kept confidential and identifying information will not be disclosed for any other 
purpose without your consent. 
If we have further questions or need to clarify information, could we contact you again? ☐Y    ☐N    
CASES ONLY 
As a part of our current investigation, we are asking people if they would consent to our public health 
staff taking some environmental samples from your property.  
The reason for this is that we are trying to determine if you may have been exposed to Salmonella in 
your environment.  
The types of samples that we would like to collect are soil, water and animal faecal specimens if they 
are present on your property.  
Would you assist us in the investigation by allowing us to collect environmental samples from your 
property?     ☐Y    ☐N    
If yes: Thank you. I will have one of our public health staff contact you again to arrange an appropriate 
time for collection.  
Can I confirm the best telephone number to contact you:  
To assist with scheduling, could you tell me the days / times of the week that would be best for our 
public health staff to attend your property? 
☐ Monday ☐ Tuesday ☐ Wednesday ☐ Thursday ☐ Friday 
☐ AM ☐ PM ☐ AM ☐ PM ☐ AM ☐ PM ☐ AM ☐ PM ☐ AM ☐ PM 
 
  
 165 
 
INTERVIEW COMPLETED BY 
Name of Interviewer:       
Date of interview:      ____/____/____                                Length of interview:                     minutes 
How well did the case recall the information requested?    ☐ very well    ☐ well   ☐ not well   ☐ not at all 
GENERAL NOTES 
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Appendix H. Environmental sampling protocol  
Environmental Sampling Protocol 
Study Identifying the sources of Salmonella enterica serovar Wangata infections in north 
east New South Wales: A combined epidemiological and molecular approach 
Prepared by  Kelly Simpson,  University of Sydney 
Date December 2016 
Version 3 
 
Background 
 
This protocol outlines the method of sample collection for detection of Salmonella Wangata. 
Salmonella is a zoonotic pathogen commonly found in a wide range of species (even if they 
appear healthy) and can be transmitted to humans via a shared environment. Care needs to 
be taken when collecting samples to prevent infection.  
Samples will be collected from the homes of individuals who have been diagnosed with 
Salmonella Wangata and from local parks that have been highlighted as a common exposure 
setting.  
Consent must be obtained from case before conducting sample collection on their property.  
You will be informed when a case has been identified and will be given a copy of answered 
questionnaire. You will need to contact the case to arrange a time and day to conduct the 
sampling. You may wait a week before contacting the case so that if other cases are 
identified in the same area you can conduct the sampling on the same day to minimise 
postage and driving time.  
The location of parks will be determined from the questionnaire. You will be informed when 
a community location has been identified. Kelly Simpson will assist with sampling 
community areas as necessary.  
Health and Safety 
 
• Animal faeces, soil and water may be contaminated with a number of pathogens in 
addition to Salmonella that can cause disease in humans. Care needs to be taken 
when collecting samples to prevent such infections from taking place. 
• Gloves are to be worn for all sampling. 
• Change gloves if gloves come into direct contact with faeces, soil or water.  
• Hands are to be cleaned either with warm soapy water or with alcohol gel at the 
completion of each sampling location.  
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• Any sample that comes into contact with skin must be washed off using warm soapy 
water.  
• Animals should not be handled. If faeces are to be collected from a 
tank/cage/paddock and owners cannot assist with handling the animals – do not 
collect that sample. Do not collect samples from reptile tanks if reptile is in tank. 
• Sun protection should be worn for outdoor sampling including hat, sunscreen and 
sunglasses. 
• If sampling livestock some farmers will have biosecurity protocols that need to be 
followed. E.g. boot socks and overalls in chicken sheds. This is to prevent spread of 
disease between different groups of animals.  
 
Equipment list for sampling 
□ Sample record sheet X2 
□ Clipboard 
□ Consent and participant information forms  
□ Salmonella fact sheet 
□ Camera or camera phone 
□ Gloves 
□ Tongue depressors 
□ Sample pots with collection scoop on lid 
□ Zip lock bags 
□ Permanent marker pens 
□ Regular pens  
□ Alcohol gel 
□ Ruler 
□ Paper towel 
□ Trowel 
□ Water bottle 
□ Disposable apron 
□ Coveralls 
□ Syringes 
□ Rubbish bag 
□ Sun screen 
□ Car fridge/ esky with ice bricks 
Figure 1: Sampling equipment 
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Labelling 
 
Each specimen jar should be labelled with the following: 
1. Participant ID (provided on the first page of the questionnaire – eg. W0001)  
2. Sample ID (eg. S01, S02, S03…) 
3. Date of collection 
4. Type of specimen (eg. Water, soil, faeces/poo) 
 
Example:  
 
Birthdate Name:      W0001 
Ward  
Time: 
 
am 
pm 
UR:          S01 
Date: 13/12/2016 Test:      Water 
 
If you are taking environmental specimens with a 
park that was indicated in the case questionnaire, please start a new sample collection log 
sheet and restart the specimen numbering at 1. Please include a “P” for all park specimens.  
Example: 
Birthdate Name:      W0001 
Ward  
Time: 
 
am 
pm 
UR:          S01    P 
Date: 13/12/2016 Test:      Water 
 
Photos 
 
In the homes 
• Photos are only to be taken of wildlife faeces. 
Figure 2: Labelling example 
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• Photos must include a ruler and a sticky note with the sample ID and the participant 
ID.  
• Location settings on phone should be turned off (see below for instructions) 
In parks/community areas 
• Take photo of name of park before and after collecting samples in park. This is to 
ensure the location of these photos can be recorded.  
• If possible take interesting photos of wildlife, especially photos of wildlife interacting 
with human environments. See figure 3 as an example. This will help with 
identification.  
• All photos will be credited to the photographer in future publications. 
• Do not include humans in the photographs.  
 
Figure 3: Examples of wildlife interacting with human environment 
 Turning on/off location settings: 
For iPhone: Settings>Privacy>Location Services>Camera>While using app.  
For Samsung: open camera app’s settings menu>click location tags on.  
For Sony: Go to the Camera app > Tap the triple dot button > Go to the Settings pane > Turn 
Geotagging on or off. 
 
Sampling 
• Each sample pot will be put inside a zip-lock bag to prevent 
leakage and cross contamination (Figure 4). 
• Priority samples have been highlighted in bold and are 
followed by a * 
• Priority samples should otherwise be areas/animals that 
people have frequent contact with e.g. veggie garden of 
regular gardener, kids in sandpit  
 
Figure 4: Sample pot inside 
zip-lock bag 
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Soil/sand samples 
Soil and sand will be collected from the following locations: 
• Vegetable garden* 
• Potted herbs/edible plants 
• Beneath fruit trees* 
• Sandpits* 
Collection method: 
• Use trowel to lightly scrape off very top of soil (<1/2 cm) (Figure 5) 
• Collect golf ball size amount (~25g)  of soil/sand (Figure 6) 
• Use collection scoop to collect and pool 5 X ~6ml samples of top soil (top 5cm of 
soil/sand) from random locations around the site.  
• Collect one pooled sample from each site.  
• Trowel to be cleaned between sites using paper towel and water 
• If there are multiple sites of the same type (e.g. multiple vegetable gardens), pool 
samples from both sites as though they were one. (i.e. collect a total of a golf ball 
size amount of soil (~25g) from both vegetable gardens) 
• If tree nuts or chewed fruit on ground – collect in separate sample pot. (Figures 7 
and 8) 
• If any wildlife faeces are found in these regions – collect separately as per wildlife 
sampling protocol. 
 
Figure 5: Scaping away top mm of soil 
 
Figure 6: Example of volume of soil 
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Figure 7: Collecting nuts/fruit 
 
Figure 8: Example of sample size of fruits/nuts 
Water Samples 
 
Water will be collected from the following locations: 
• Pond* 
• Pool 
• Stream/creek* 
• Water feature 
• Bird bath (including sediment) * 
• Water tank 
 
Collection method: 
• Fill roughly ¾ of 70ml sample jar from each site. (Figure 9) 
• If multiple sites of same type (e.g. multiple bird baths) collect separate samples for 
each site.  
• Water tank: Run tap for 2-3 minutes before taking sample. Fill up jar. 
• Stream/creek: bottle opening should be pointing upstream. 
• Bird bath/pool/pond: use sample pot to scoop sample. If possible include “sludge” at 
bottom of bird bath.  
• Dry outside of pot with paper towel after sampling.  
 
Figure 9: Volume of water sample 
 
Figure 10: Example of water collection site 
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Wildlife faeces 
 
All wildlife samples need to be accompanied with a photograph for identification purposes. 
(see photo protocol above) 
Collection method: 
• Collect golf ball size amount if possible of all wildlife faeces. 
• Collect a new sample for each location of faeces. Even if two faeces look the same, if 
they are located at separate locations they must be collected as separate samples.  
• For small pellet type faeces – pick up whole pellets. 
• For larger wildlife faeces – use tongue depressers to break up faeces. Use collection 
scoop to pick up pieces of faeces. 
• For wet/runny faeces – use collection scoop to scrape into collection jar. Close 
collection jar lid and put inside a zip-lock bag. Change gloves. 
• For bird faeces – use collection scoop to scrape into jar.  
• Do not collect faeces that are obviously very old such as powdery faeces, faeces 
growing moulds or completely dry bird faeces. 
• You do not need to be able to identify the species the below are for reference when 
choosing which samples to collect however any wildlife faecal sample is welcome.  
Priority species: 
Duck 
 
Around the edges of fresh 
water bodies.  
Bandicoot 
 
Source: Tracks, Scats and other traces 
Scats (red arrow) are often 
found next to conical shape 
holes (blue arrow) that 
bandicoots dig for food.  
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Brushtail 
Possum 
Source: Tracks, Scats and other traces 
Brushtail possum scats vary 
in colour size and shape. 
Often found on verandas, 
near pet food bowls and on 
fences. 
Bat Bats are known reservoirs for a number of pathogens and contact with 
faeces may facilitate transmission of these pathogens to humans. If there is 
a roost (bats sleeping during day) present on the property please indicate on 
the sample log sheet. Only collect faecal specimens if you feel comfortable 
and if you are wearing proper protective wear and wash hands thoroughly 
afterwards. Do not touch any injured or baby bats that have fallen from the 
roost – instead contact local wildlife rescue group.  
 
Pet faeces 
 
Fresh faecal samples are to be collected from the following pets: 
• Dog* 
• Cat* 
• Reptiles (incl turtles) 
• Bird* 
Collection method  
• Target fresh looking faeces, sampling from moist centre (Figure 11). 
• Collect roughly one golf ball sized sample per pet up to a maximum of three samples 
(excluding birds).  
• For cat/small dog – use collection scoop to add faeces to tub. 
• For larger dog/cat – use tongue depresser or forceps to break up faeces. Use 
collection scoop to add faeces to tub. 
• For reptiles – use collection scoop to pick up faeces. Reptiles may have long periods 
where they don’t defecate– if no fresh faeces, a sample of substrate (e.g. 
gravel/sand) should be collected instead. 
• For bird faeces – use collection scoop to scrape all fresh scats into jar. If there are 
multiple bird aviaries/cages, pool all samples in one collection jar. 
• For wet/runny faeces – use collection scoop to scrape sample into collection jar. 
Change gloves after collection.  
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• Do not collect faeces that are obviously very old such as powdery faeces, faeces 
growing moulds or completely dry bird faeces (Figure 12) 
 
Figure 11: Example of moist dog faeces with sample collected from moist centre 
 
Figure 12: Example of pet faeces that are too dry to collect 
Livestock faeces 
 
Fresh faecal samples are to be collected from the following livestock: 
• Sheep 
• Cattle 
• Pigs 
• Chickens 
• Horses 
Collection method: 
• Only sample livestock that are in paddocks/sheds adjacent to the household.  
• Owner of livestock needs to accompany to assist with animal handling and general 
on-farm practises (e.g biosecurity protocols).  
• Target fresh looking faeces preferentially. 
• For Sheep – Use collection scoop to collect a pool of 5-10 pellets at random from the 
paddock. Collect one pool.  
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• For cattle – use collection scoop to collect and pool a teaspoon of wet faeces from 
the centre of 5 scats. Collect one pool. 
• For pigs - use collection scoop to collect and pool a teaspoon of wet faeces from the 
centre of 5 scats. Collect one pool. 
• For chickens – use collection scoop to pool 5 fresh faecal samples from different 
locations around the shed (Figure 14). One pool per shed. Collect one pool. 
• For horses – use collection scoop to collect a golf ball size amount of faeces (Figure 
13) and pool a teaspoon of wet faeces from the centre of 5 scats. Collect one pool.  
• Do not collect faeces that are obviously very old such as powdery faeces, faeces 
growing moulds or completely dry bird faeces. 
 
Figure 13: Volume of horse manure, fresh sample 
 
Figure 14: Volume of chicken manure sample 
 
Storage 
 
• Samples to be refrigerated after collection.  
Postage 
 
• A scanned copy of the sample collection log sheet and any photos taken during the 
inspection should be emailed to the Hunter New England OzFoodNet team (James 
Flint, Julie Collins, Kim Lilly) and Kelly Simpson 
• Samples and the original sample collection log sheet (in snap lock bag) are to be sent 
following the below 
 Action 
1 When filling out the consignment slip at the Toll depot, include all details below: 
 
Address 
Kelly Simpson c/o Craig Jackson 
Charles Perkins Centre, D17 
The University of Sydney 
  167 
Orphans School Creek Rd 
Camperdown 2006 
 
Special Instructions 
“Laboratory open 7am – 3pm. Delivery before 3pm” 
2 Scan / take a photo of the consignment slip and include in your email to Julie/Kelly 
after sample collection 
 
• If eskies are to be returned: 
 Action 
1 When preparing specimens for transport, include an additional consignment slip 
with return details filled out (including account number). 
Place inside the esky with specimens (in snap lock bag with sample collection 
sheet) 
2 Note that you need the esky returned in your email to Julie/Kelly after sample 
collection 
 
• Samples are to be sent within 1 day of sampling. And must remain chilled during 
transport.  
• Please do not send samples on Fridays as the receiving dock will not be open on 
Saturday. (If a Friday is the only day for sampling please call Kelly to discuss 
alternative arrangements prior to the collection). 
• Postage protocols to follow: Requirements for the Packaging and Transport of 
Pathology Specimens and Associated Materials (Fourth Edition 2013) 
o Faecal samples must be packaged according to IATA Packing instruction 650. 
(See Appendix C – page 20) 
o Water/Soil Samples must be packaged as Exempt specimens (See Appendix D 
– page 23).   
o Please do not send samples on Fridays as the receiving dock will not be open 
on Saturday. (If a Friday is the only day for sampling please call Kelly to 
discuss alternative arrangements prior to the collection). 
Follow up with cases 
 
Kelly Simpson will advise Kim Lilly and Julie Collins if a sample is positive for Salmonella. 
Either Kim or Julie will then contact the case to advise of the positive result and discuss ways 
to reduce infection of Salmonella from an environmental source and provide an additional 
copy of the fact sheet. 
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    Action Checklist  
In
tr
od
uc
tio
n 
/p
ap
er
w
or
k 
1 Greet case and explain who you are/what you have come to do   
2 Give case information sheet   
3 Discuss with case any questions they may have   
4 Ask case to sign consent form - point out boxes that need to be ticked   
5 If rural - ask if there are any biosecurity protocols you need to adhere   
6 Ask if they can show you the locations indicated on the questionnaire   
Sa
m
pl
in
g 
7 Collect samples   
8 Place samples in individual zip lock bags   
9 Write labels on collection pot and zip lock bag   
10 Fill in collection sheet as you go   
11 Take photos of any wildlife faeces with sample ID   
12 Place samples in car fridge   
  
13 Inform case they will be informed of positives within 2 weeks   
14 Thank case for their time   
 
Questions? 
Please feel free to call or email Kelly with any questions 
E: kelly.simpson@sydney.edu.au 
T: 02 8627 1509 
M: 0403 192 287 
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Appendix I. Wildlife sampling protocol  
Wildlife Sampling Protocol 
Study Identifying the sources of Salmonella enterica serovar Wangata infections in north east 
New South Wales: A combined epidemiological and molecular approach 
Prepared by  Kelly Simpson, University of Sydney 
Date February 2017 
Version 3 
 
Background 
 
This protocol outlines the method of sample collection for detection of Salmonella Wangata. 
Salmonella is a zoonotic pathogen commonly found in a wide range of species (even if they appear 
healthy) and can be transmitted to humans via a shared environment. Care needs to be taken when 
collecting samples to prevent infection spreading infection between humans and wildlife (including 
animal to animal).  
Samples will be collected from wildlife while in the care of trained carers, rehabilitators and/or 
veterinarians. Sampling will take place from March 2017 – June 2017. The study will consist of two 
phases. Phase 1 will be a general sampling of any species in care. Phase 2 will be a targeted sampling 
with species only being sampled if they appear on the ‘Target Species List’. The ‘Target Species List’ will 
be sent at the beginning of phase 2.  
 
Health and Safety 
 
• Animal faeces may be contaminated with a number of pathogens in addition to Salmonella that 
can cause disease in humans. Care needs to be taken when collecting samples to prevent such 
infections from taking place. 
• Gloves are to be worn for all sampling. 
• Change gloves if gloves come into direct contact with faeces.  
• Hands are to be cleaned with warm soapy water or alcohol gel at the completion of sampling.  
• If any sample comes into contact with skin wash it off using warm soapy water.  
• Animals should only be handled by those trained to handle that particular species.  
• It may help to have an additional person to act as scribe during the sampling process.  
 
 
Equipment list for sampling 
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□ Sample record form 
□ Gloves 
□ 10 x Swabs 
□ 10 x small zip-lock bags 
□ 1 x larger zip-lock bag 
□ Overnight pre-addressed satchel 
 
 
Sampling Methodology 
 
• Use the chart below to determine if a sample should be collected.  
• Each sample kit will contain 10 swabs. If there are any swabs left over at the end of sampling 
please send the unused swab(s) back in an individual zip-lock bag.  
Steps for sampling 
 Step Photo 
1 Identify if animal is eligible for sampling using 
chart below. 
See page 4. 
2 Check sample ID on swab and sample collection 
form (if swab doesn’t match form please write a 
note on the form with the correct swab ID – if 
there are duplicates please write on tube label 
to indicate which is which). 
 
3 Twist lid on swab to open tube, use swab tip to 
scrape as much faecal material into tube as 
possible. If pelleted faeces scrape 2-3 pellets 
into tube. 
 
 
4 Reinsert swab into tube, ensuring lid is firmly 
attached to tube. Aim to get as much scat into 
the tube as possible.  
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5 Place tube into individual zip-lock bag to 
prevent leakage and cross contamination.  
 
 
6 Place individual zip-lock bags into larger bag so 
that each tube is now double bagged.  
 
 
7 Fill out sample log sheet. It may help to have a 
second person to act as scribe. It is best to fill 
out the form as you go to prevent any 
confusion.  
 
7 Place tubes and completed sample form into 
express post envelope.  
 
 
8 Post samples using the yellow express post-box 
or over the counter at the post office. If 
samples are to be posted the next day please 
refrigerate samples.  
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Sampling decision tree 
 
Labelling 
 
 
Each swab tube will come pre-labelled with the 
sample ID and carer ID. Please check the 
sample log sheet to ensure the ID on the tube 
matches the sheet   
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Photos 
 
Any photos that you think will help with species 
identification/disease status would be greatly appreciated. If a 
photo is taken please include the sample ID in the photo e.g. by 
using the tube label or a holding up a sticky note (Figure 3). It is 
preferable for the animal to be in focus, just ensure the sample 
number is legible!  
Please email any photos to kelly.simpson@sydney.edu.au  
 
 
Storage 
 
• Samples are to be refrigerated after collection unless taken directly to post box.  
 
Postage 
 
• A scanned copy of the sample collection log sheet and any photos should be emailed to 
kelly.simpson@sydney.edu.au 
• Post express envelope in a Yellow 
Express Post box or over the 
counter at the post office.  
• Locations of these can be found at 
auspost.com.au/pol/app/locate 
Select ‘Express Post Box’ from the 
drop down menu below ‘Type’  
• Samples are to be sent within 1 day of sampling and must remain chilled until transport.  
• Please do not send samples on Fridays. Samples will not be able to be received on Saturday.  
 
Follow up 
 
Once samples have been processed in the lab, Kelly will be in contact to let you know the results. This 
will also be the opportunity to collect any follow up information on each animal that is sampled.  
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  Action Checklist  
1 Ensure animal is suitable using sampling flowchart   
2 Double check swab number matches log sheet   
3 Collect sample   
4 If able, take photo of animal with ID in photo   
5 Place tube in individual zip-lock bag   
6 Fill in log sheet (as you go)   
7 Place samples in larger zip-lock bag    
8 Take photos or scan completed sample log sheet   
9 Place large zip-lock bag with samples and sample log sheet into overnight post bag   
10 Put samples in fridge until ready for postage   
11 Post samples using yellow postage bins   
12 Email any photos and sample log sheet to kelly.simpson@sydney.edu.au   
 
Questions? 
 
Please feel free to call or email Kelly with any questions 
E: kelly.simpson@sydney.edu.au 
T: 02 8627 1509 
M: 0403 192 287 
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Appendix J. Wildlife species sampled and Salmonella serotypes isolated during S. Wangata 
investigation  
 
Species Common name No. Samples 
No. 
Positive Serovar (No. isolated) 
Mammal     
Trichosurus vulpecula Brushtail possum 1 0  
Macropus giganteus Eastern Grey kangaroo 5 0  
Nyctophilus gouldi Gould’s long-eared microbat 1 1 S. Bovismorbificans (1) 
Phascolarctos cinereus Koala 9 0  
Pseudocheirus peregrinus Ringtail possum 1 0  
Petaurus norfolcensis Squirrel glider 1 0  
Wallabia bicolor Swamp Wallaby 4 0  
Vombatus ursinus Common Wombat 1 1 S. Kottbus (1) 
Birds     
Cygnus atratus Black swan 1 1 S. Wangata (1) 
Ocyphaps lophotes Crested pigeon 2 0  
Platycercus eximius Eastern rosella 2 0  
Eolophus roseicapilla Galah 1 0  
Dacelo novaeguineae Kookaburra 1 0  
Gymnorhina tibicen Magpie 3 1 S. Bovismorbificans (1) 
Pelecanus conspicillatus Pelican 1 1 S. Wangata (1) 
Strepera graculina Pied currawong 1 0  
Ptilonorhynchus violaceus Satin bower bird 1 0  
Cacatua galerita Sulphur crested cockatoo 1 0  
Podargus strigoides Tawny frogmouth 3 1 S. Chailey (1) 
Reptiles     
Tiliqua scincoides Eastern blue tongue lizard 1 0  
Cyclodomorphus gerrardii Pink tongued lizard 1 0  
Chelodina longicollis Eastern long necked turtle 1 0 
 
Chelonia mydas Green sea turtle 4 2 S. Wangata (2) 
Eretmochelys imbricata Hawksbill turtle 1 0  
  TOTAL 48 8   
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Appendix K. Detailed list of sequenced S. Wangata isolates 
Country Collected by Sample ID 
Month 
collected 
Sample 
accession no. Host MLST 
% reads 
Phred ≥ 
35 
% reads with 
no N bases 
No. 
Contigs N50 
Australia Epi investigation 16-SWA-001_S63* Nov-16 ERS2983170 Human ST-523 14.68 99.72 96 187530 
Australia Epi investigation 16-SWA-0016R_S201* Jan-17 ERS2983171 Wildlife (unknown) ST-523 39.75 99.73 103 187530 
Australia Epi investigation 16-SWA-0017_S31 Jan-17 ERS2983172 Compost ST-523 15.89 99.55   
Australia Epi investigation 16-SWA-002_S225 Dec-16 ERS2983173 Human ST-523 3.96 99.69   
Australia Epi investigation 16-SWA-0023_S42 Feb-17 ERS2983174 Human ST-523 21.82 99.55   
Australia Epi investigation 16-SWA-0024_S53 Feb-17 ERS2983175 Human ST-523 19.82 99.55   
Australia Epi investigation 16-SWA-0026_S64 Mar-17 ERS2983176 Human ST-523 14.17 99.57   
Australia Epi investigation 16-SWA-0027_S74 Mar-17 ERS2983177 Human ST-523 17.17 99.57   
Australia Epi investigation 16-SWA-0028_S84 Feb-17 ERS2983178 Human ST-523 15.53 99.57   
Australia Epi investigation 16-SWA-0029_S10 Feb-17 ERS2983179 Human ST-523 21.65 99.56   
Australia Epi investigation 16-SWA-003_S31 Dec-16 ERS2983180 Human ST-523 38.39 99.78   
Australia Epi investigation 16-SWA-0030_S21 Feb-17 ERS2983181 Human ST-523 14.26 99.58   
Australia Epi investigation 16-SWA-0031_S32 Feb-17 ERS2983182 Human ST-523 20.55 99.56   
Australia Epi investigation 16-SWA-0032_S43 Feb-17 ERS2983183 Human ST-523 18.73 99.57   
Australia Epi investigation 16-SWA-0033_S54 Feb-17 ERS2983184 Human ST-523 22.76 99.55   
Australia Epi investigation 16-SWA-0034_S65 Feb-17 ERS2983185 Human ST-523 17.61 99.59   
Australia Epi investigation 16-SWA-0035_S82* Mar-17 ERS2983186 Dog ST-523 18.17 99.87 102 138122 
Australia Epi investigation 16-SWA-004_S42 Dec-16 ERS2983187 Human ST-523 32.23 99.79   
Australia Epi investigation 16-SWA-005_S52 Dec-16 ERS2983188 Human ST-523 26.29 99.79   
Australia Epi investigation 16-SWA-006_S62* Dec-16 ERS2983189 Human ST-523 28.69 99.80 98 176289 
Australia Epi investigation 16-SWA-007_S63* Dec-16 ERS2983190 Human ST-523 25.20 99.80 98 200883 
Australia Epi investigation 16-SWA-008_S64 Jan-17 ERS2983191 Human ST-523 23.35 99.80   
Australia Epi investigation 16-SWA-009_S18* Jan-17 ERS2983192 Human ST-523 8.26 99.70 100 143033 
 186 
Australia Epi investigation 16-SWA-010_S28* Jan-17 ERS2983193 Human ST-523 11.06 99.70 207 55127 
Australia Epi investigation 16-SWA-011_S38* Jan-17 ERS2983194 Human ST-523 6.03 99.85 795 12206 
Australia Epi investigation 16-SWA-012_S57* Jan-17 ERS2983195 Human ST-523 3.87 99.90 139 108189 
Australia Epi investigation 16-SWA-013_S9* Jan-17 ERS2983196 Human ST-523 5.49 99.90 122 142952 
Australia Epi investigation 16-SWA-014_S16* Jan-17 ERS2983197 Human ST-523 6.36 99.91 111 137881 
Australia Epi investigation 16-SWA-015_S23* Jan-17 ERS2983198 Human ST-523 5.61 99.92 142 110362 
Australia Epi investigation 16-SWA-N053_S2* Apr-17 ERS2983199 Human ST-523 21.49 99.67 98 170884 
Australia Epi investigation 16-SWA-N054_S14* Apr-17 ERS2983200 Human ST-523 22.60 99.66 100 178870 
Australia Epi investigation 16-SWA-N055_S26* Apr-17 ERS2983201 Human ST-523 23.09 99.66 259 57469 
Australia Epi investigation 16-SWA-N056_S38 Apr-17 ERS2983202 Human ST-523 25.51 99.63   
Australia Epi investigation 16-SWA-N057_S50 Apr-17 ERS2983203 Human ST-523 27.30 99.65   
Australia Epi investigation 16-SWA-N058_S62 Apr-17 ERS2983204 Human ST-523 25.40 99.67   
Australia Epi investigation 16-SWA-N059_S74* Apr-17 ERS2983205 Human ST-523 22.54 99.69 111 170895 
Australia Epi investigation 16-SWA-N060_S86* Apr-17 ERS2983206 Human ST-523 16.57 99.69 103 200654 
Australia Epi investigation 16-SWA-N061_S3* May-17 ERS2983207 Turtle ST-523 21.45 99.67 103 170884 
Australia Epi investigation 16-SWA-N062_S15 May-17 ERS2983208 Turtle ST-523 20.34 99.68   
Australia Epi investigation 16-SWA-N063_S27 Apr-17 ERS2983209 Pelican ST-523 18.54 99.68   
Australia Epi investigation 16-SWA-N064_S39 Apr-17 ERS2983210 Swan ST-523 23.96 99.66   
Australia Epi investigation 16-SWA-N065_S51 Apr-17 ERS2983211 Wildlife (unknown) ST-523 27.11 99.66   
Australia Epi investigation 16-SWA-N066_S63* Apr-17 ERS2983212 Wildlife (unknown) ST-523 19.32 99.66 101 144154 
Australia Epi investigation 16-SWA-N37_S20 Apr-17 ERS2983213 Human ST-523 11.34 99.81   
Australia Epi investigation 16-SWA-N38_S31* Apr-17 ERS2983214 Human ST-523 10.05 99.82 100 170894 
Australia Epi investigation 16-SWA-N39_S42* Apr-17 ERS2983215 Human ST-523 10.90 99.82 95 214117 
Australia Epi investigation 16-SWA-N40_S53 Mar-17 ERS2983216 Human ST-523 11.82 99.82   
Australia Epi investigation 16-SWA-N41_S64 Mar-17 ERS2983217 Human ST-523 12.04 99.82   
Australia Epi investigation 16-SWA-N42_S75* Mar-17 ERS2983218 Human ST-523 10.34 99.80 108 176213 
Australia Epi investigation 16-SWA-N43_S86* Mar-17 ERS2983219 Human ST-523 10.12 99.82 99 189430 
Australia Epi investigation 16-SWA-N44_S9* Mar-17 ERS2983220 Human ST-523 9.90 99.83 114 142944 
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Australia Epi investigation 16-SWA-N45_S21 Mar-17 ERS2983221 Human ST-523 10.56 99.82   
Australia Epi investigation 16-SWA-N46_S32* Mar-17 ERS2983222 Human ST-523 10.72 99.82 105 144351 
Australia Epi investigation 16-SWA-N47_S43 Mar-17 ERS2983223 Human ST-523 9.67 99.82   
Australia Epi investigation 16-SWA-N48_S54 Apr-17 ERS2983224 Human ST-523 11.46 99.81   
Australia Epi investigation 16-SWA-N49_S84* Mar-17 ERS2983225 Human ST-523 13.27 99.83 114 170884 
Australia Epi investigation 16-SWA-N50_S8* Apr-17 ERS2983226 Human ST-523 11.67 99.83 111 175712 
Australia Epi investigation 16-SWA-N51_S19* Apr-17 ERS2983227 Human ST-523 14.11 99.81 97 170897 
Australia Epi investigation 16-SWA-N52_S30 Apr-17 ERS2983228 Human ST-523 15.21 99.82   
Australia Epi investigation 17-SWA-018_S31 Mar-17 ERS2983229 Human ST-523 9.66 99.76   
Australia Epi investigation 17-SWA-019_S41* Mar-17 ERS2983230 Human ST-523 7.85 99.73 111 152026 
Australia Epi investigation 17-SWA-022_S51 Mar-17 ERS2983231 Human ST-523 10.28 99.75   
Australia Epi investigation 17-SWA-025_S61 Feb-17 ERS2983232 Human ST-523 11.07 99.74   
Australia Routine surveillance 17-SWA-Q01_S65 Oct-16 ERS2983233 Human ST-523 13.00 99.81   
Australia Epi investigation 17-SWA-Q03_S87 Dec-16 ERS2983234 Human ST-523 10.10 99.83   
Australia Epi investigation 17-SWA-Q030_S73 Apr-17 ERS2983235 Human ST-523 20.99 99.67   
Australia Epi investigation 17-SWA-Q031_S85 Apr-17 ERS2983236 Human ST-523 19.99 99.68   
Australia Epi investigation 17-SWA-Q04_S10* Dec-16 ERS2983237 Human ST-523 9.98 99.83 113 138019 
Australia Epi investigation 17-SWA-Q05_S22 Dec-16 ERS2983238 Human ST-523 12.25 99.82   
Australia Epi investigation 17-SWA-Q06_S33* Jan-17 ERS2983239 Human ST-523 10.77 99.82 96 151663 
Australia Epi investigation 17-SWA-Q07_S44* Jan-17 ERS2983240 Human ST-523 11.04 99.83 96 187420 
Australia Epi investigation 17-SWA-Q10_S77 Jan-17 ERS2983241 Human ST-523 11.68 99.81   
Australia Epi investigation 17-SWA-Q11_S88 Feb-17 ERS2983242 Human ST-523 11.88 99.80   
Australia Epi investigation 17-SWA-Q12_S11* Feb-17 ERS2983243 Human ST-523 8.04 99.84 106 170844 
Australia Epi investigation 17-SWA-Q13 Feb-17 ERS2983244 Human ST-523 12.06 99.82   
Australia Epi investigation 17-SWA-Q14_S34 Feb-17 ERS2983245 Human ST-523 10.97 99.83   
Australia Epi investigation 17-SWA-Q15_S45* Feb-17 ERS2983246 Human ST-523 10.41 99.81 105 143868 
Australia Epi investigation 17-SWA-Q16_S56 Feb-17 ERS2983247 Human ST-523 11.89 99.81   
Australia Epi investigation 17-SWA-Q17_S67 Mar-17 ERS2983248 Human ST-523 12.51 99.81   
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Australia Epi investigation 17-SWA-Q18_S78 Mar-17 ERS2983249 Human ST-523 9.69 99.81   
Australia Epi investigation 17-SWA-Q19_S89 Mar-17 ERS2983250 Human ST-523 10.18 99.80   
Australia Epi investigation 17-SWA-Q20_S1* Mar-17 ERS2983251 Human ST-523 10.91 99.82 109 170885 
Australia Epi investigation 17-SWA-Q21_S12 Mar-17 ERS2983252 Human ST-523 13.73 99.82   
Australia Epi investigation 17-SWA-Q22_S23 Mar-17 ERS2983253 Human ST-523 14.81 99.82   
Australia Epi investigation 17-SWA-Q23_S34* Mar-17 ERS2983254 Human ST-523 11.71 99.83 119 168699 
Australia Epi investigation 17-SWA-Q24_S45 Mar-17 ERS2983255 Human ST-523 14.70 99.82   
Australia Epi investigation 17-SWA-Q25_S56 Mar-17 ERS2983256 Human ST-523 14.47 99.82   
Australia Routine surveillance 17-SWA-Q27_S78 N/A ERS2983257 Macadamia ST-523 13.04 99.82   
Australia Routine surveillance 17-SWA-Q28_S2 N/A ERS2983258 Macadamia ST-523 11.09 99.83   
Australia Routine surveillance 17-SWA-Q29_S13 N/A ERS2983259 Macadamia ST-523 13.44 99.81   
UK Public Health England SRR1646371* Jun-12 SRR1646371 Human ST-523   249 47080 
UK Public Health England SRR1959430* Jan-15 SRR1959430 Human ST-2629   116 112007 
UK Public Health England SRR1967264* Aug-14 SRR1967264 Human ST-2056   88 170625 
UK Public Health England SRR1967707* Aug-14 SRR1967707 Human Unknown   2412 3654 
UK Public Health England SRR3049386* N/A SRR3049386 Human ST-523   156 97121 
UK Public Health England SRR3322140* Aug-15 SRR3322140 Human ST-2120   200 60098 
UK Public Health England SRR5585070* Jan-17 SRR5585070 Human ST-523   109 187430 
UK Public Health England SRR5632298* Mar-17 SRR5632298 Human ST-3993   922 10074 
* Isolates was assembled.  
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Appendix L. Details of reference Salmonella genomes 
Genome EBI accession number 
Salmonella enterica serovar Abaetetuba str. ATCC 35640  CP007532  
Salmonella enterica serovar Abony str. 0014  CP007534  
Salmonella enterica serovar Antsalova str. S01-0511 CP019116 
Salmonella enterica serovar Apapa str. SA20060561 CP019403 
Salmonella enterica serovar Bardo str. SA20113257  CP019404 
Salmonella enterica serovar Bareilly str. CFSAN000189  CP006053 
Salmonella enterica serovar Bergen str. ST350  CP019405 
Salmonella enterica serovar Birkenhead 96236 SAMN03476847* 
Salmonella enterica serovar Blegdam str. S-1824 CP019406 
Salmonella enterica serovar Borreze str. SA20041063 CP019407 
Salmonella enterica serovar Bovismorbificans 3064 SAMEA786293* 
Salmonella enterica serovar Braenderup str. SA20026289 CP022490 
Salmonella enterica serovar Bredeney str. CFSAN001080  CP007533 
Salmonella enterica serovar Chailey 53086 SAMN04437636* 
Salmonella enterica serovar Choleraesuis str. SC-B67 AE017220  
Salmonella enterica serovar Choleraeuis str. ATCC 10708 CP012344  
Salmonella enterica serovar Crossness str. 1422-74 CP019408 
Salmonella enterica serovar Cubana str. CFSAN002050  CP006055  
Salmonella enterica serovar Derby str. 07CR553 LAZB00000000 
Salmonella enterica serovar Derby str. SA20035215 CP022494 
Salmonella enterica serovar Djakarta str. S-1087 CP019409 
Salmonella enterica serovar Dublin str. CT_02021853  CP001144  
Salmonella enterica serovar Enteritidis str. CFSAN033543 CP020823 
Salmonella enterica serovar Enteritidis str. EC20120002 PT8 CP007329 
Salmonella enterica serovar Enteritidis str. P125109 AM933172  
Salmonella enterica serovar Gallinarum str. 287/91  AM933173  
Salmonella enterica serovar Gallinarum/pullorum str. CDC1983-67  CP003786  
Salmonella enterica serovar Gallinarum/pullorum str. RKS5078  CP003047  
Salmonella enterica serovar Heidelberg str. 41578  CP004086  
Salmonella enterica serovar Heidelberg str. AMR588-04-00318 CP016565 
Salmonella enterica serovar Heidelberg str. B182  CP003416 
Salmonella enterica serovar Heidelberg str. CFSAN002069  CP005390  
Salmonella enterica serovar Heidelberg str. SA02DT10168701 CP012921 
Salmonella enterica serovar Heidelberg str. SL476  CP001120 
Salmonella enterica serovar Hillingdon str. N1529-D3 CP019410 
Salmonella enterica serovar Hvittingfoss str. SA20014981 CP022503 
Salmonella enterica serovar Infantis 1034 SAMD00019584* 
Salmonella enterica serovar Javiana str. CFSAN001992  CP004027 
Salmonella enterica serovar Johannesburg str. ST203 CP019411 
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Salmonella enterica serovar Kentucky str. SA20030505 CP022500 
Salmonella enterica serovar Kiambu MS170025 SAMEA103657168* 
Salmonella enterica serovar Koessen str. S-1501 CP019412 
Salmonella enterica serovar Kottbus 177428 SAMN04574715* 
Salmonella enterica serovar Krefeld str. SA20030536 CP019413 
Salmonella enterica serovar Macclesfield str. S-1643 CP022117 
Salmonella enterica serovar Manchester str. ST278 CP019414 
Salmonella enterica serovar Manhattan str. SA20084699 CP022497 
Salmonella enterica serovar Mbandaka str. SA20026234 CP022489 
Salmonella enterica serovar Mississippi GSB1072 SAMN06041142* 
Salmonella enterica serovar Montevideo str. 507440-20  CP007530  
Salmonella enterica serovar Moscow str. S-1843 CP019415 
Salmonella enterica serovar Newport str. SL254  CP001113  
Salmonella enterica serovar Newport str. USMARC-S3124.1 CP006631  
Salmonella enterica serovar Nitra str. S-1687 CP019416 
Salmonella enterica serovar Onderstepoort str. SA20060086 CP022034 
Salmonella enterica serovar Ouakam str. SA20034636 CP022116 
Salmonella enterica serovar Panama str. ATCC 7378 CP012346 
Salmonella enterica serovar Paratyphi A str. AKU_12601 FM200053 
Salmonella enterica serovar Paratyphi A str. ATCC 9150  CP000026  
Salmonella enterica serovar Paratyphi B str. SPB7  CP000886  
Salmonella enterica serovar Paratyphi C str. RKS4594  CP000857  
Salmonella enterica serovar Pullorum str. ATCC 9120 CP012347  
Salmonella enterica serovar Pullorum str. S06004  CP006575  
Salmonella enterica serovar Quebec str. S-1267 CP022019 
Salmonella enterica serovar Saintpaul str. SA20031783 CP022491 
Salmonella enterica serovar Saintpaul str. SARA26 CP017727 
Salmonella enterica serovar Schwarzengrund str. CVM19633 CP001127  
Salmonella enterica serovar Senftenberg str. SS209  CAGQ00000000 
Salmonella enterica serovar Sloterdijk str. ATCC 15791 CP012349 
Salmonella enterica serovar Stanleyville str. SARB61 CP017723 
Salmonella enterica serovar Tennessee str. TXSC_TXSC08-19 CP007505  
Salmonella enterica serovar Typhi str. CT18  AL513382  
Salmonella enterica serovar Typhi str. P-stx-12  CP003278 
Salmonella enterica serovar Typhi str. Ty2  AE014613  
Salmonella enterica serovar Typhimurium str. 08-1736 NC_021820 
Salmonella enterica serovar Typhimurium str. 14028S  CP001363  
Salmonella enterica serovar Typhimurium str. 798  CP003386  
Salmonella enterica serovar Typhimurium str. D23580  FN424405 
Salmonella enterica serovar Typhimurium str. DT104  HF937208  
Salmonella enterica serovar Typhimurium str. DT2  HG326213  
Salmonella enterica serovar Typhimurium str. LT2  AE006468  
Salmonella enterica serovar Typhimurium str. SARA13 CP017728  
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Salmonella enterica serovar Typhimurium str. SL1344  FQ312003  
Salmonella enterica serovar Typhimurium str. ST4/74  CP002487 
Salmonella enterica serovar Typhimurium str. T000240  AP011957  
Salmonella enterica serovar Typhimurium str. U288  CP003836 
Salmonella enterica serovar Typhimurium str. UK-1  CP002614  
Salmonella enterica serovar Typhimurium var. 5- str. CFSAN001921  CP006048  
Salmonella enterica serovar Virchow str. ATCC 51955 SAMN01823738* 
Salmonella enterica serovar Wandsworth str. SA20092095 CP019417 
Salmonella enterica serovar Wangata 146178 SAMN04600520* 
Salmonella enterica serovar Wangata 16-SWA-004 # 
Salmonella enterica serovar Wangata 336992 SAMN07155796* 
Salmonella enterica serovar Wangata 356515 SAMN07180376* 
Salmonella enterica serovar Wangata 40776 SAMN03477354* 
Salmonella enterica serovar Wangata 57094 SAMN03477797* 
Salmonella enterica serovar Wangata 80365 SAMN03468612* 
Salmonella enterica serovar Wangata 82522 SAMN04363682* 
Salmonella enterica serovar Wangata H122680477 SAMN03169658* 
Salmonella enterica serovar Waycross str. SA20041608 CP022138 
Salmonella enterica serovar Yovokome str. S-1850 CP019418 
Salmonella enterica subsp. II 55:k:z39 str. 1315K CP022139 
Salmonella enterica subsp. II 57:z29:z42 str. ST114 CP022467 
Salmonella enterica subsp. IIIa 53:z4,z23,z32:- str. SA20100345 CP022504 
Salmonella enterica subsp. IIIb 50:k:z str. MZ0080 CP022142 
Salmonella enterica subsp. IIIb 65:c:z str. SA20044251 CP022135 
Salmonella enterica subsp. V 66:z41:- str. SA19983605 CP022120 
 
# Reference S. Wangata from as described in Chapter 4.  
*BioSample ID. These samples were not complete genomes but were serotypes of interest in that they 
were found in the previous epidemiological investigation; are known to be environmental serotypes; 
or are common serotypes in New South Wales Australia 
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Appendix M. Details of SNPs observed in at least four of the Australian S. Wangata isolates 
POS 24
85
00
 
28
39
38
 
43
34
14
 
78
60
26
 
12
67
32
7 
12
77
42
6 
15
21
83
9 
16
63
57
3 
17
35
96
8 
18
84
60
9 
20
34
43
7 
24
47
18
1 
30
86
28
1 
31
67
39
8 
35
19
79
5 
35
60
77
2 
36
66
06
5 
36
66
06
7 
Isolate yhhQ gntK yedZ papD_1 acrD SBOV25411 sspH2_1 wcaC yvqK Unknown ydiI hns kdpD citC wapA_6 yaeE aceF_2 aceF_2 
Reference T G C G C C A C G C G G A C C G C G 
16-SWA-N42_S75_R1.fastq.gz  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 
16-SWA-N51_S19_R1.fastq.gz  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 
17-SWA-Q16_S56_R1.fastq.gz  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 
16-SWA-N056_S38_R1.fastq.gz  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 
17-SWA-Q19_S89_R1.fastq.gz G  -  -  -  -  -  -  -  - T  -  -  - T  -  - A T 
17-SWA-Q15_S45_R1.fastq.gz G  -  -  -  -  -  -  -  - T  -  -  - T  -  -  -  - 
17-SWA-Q13_R1.fastq.gz G  -  -  -  -  -  -  -  - T  -  -  - T  -  -  -  - 
17-SWA-Q07_S44_R1.fastq.gz G  -  -  -  -  -  -  -  - T  -  -  - T  -  -  -  - 
16-SWA-0032_S43_R1.fastq.gz G  -  -  -  -  -  -  -  - T  -  -  - T  -  -  -  - 
17-SWA-Q11_S88_R1.fastq.gz G  -  -  -  -  -  -  -  - T  -  -  - T  -  -  -  - 
16-SWA-N40_S53_R1.fastq.gz G  -  -  -  -  -  -  -  - T  -  -  - T  -  -  -  - 
16-SWA-N059_S74_R1.fastq.gz G  -  -  -  -  -  -  -  - T  -  -  - T  -  -  -  - 
16-SWA-013_S9_R1.fastq.gz G  -  -  -  -  -  -  -  - T  -  -  - T  -  -  -  - 
16-SWA-N053_S2_R1.fastq.gz G  -  -  -  -  -  -  -  - T  -  -  - T  -  -  -  - 
17-SWA-Q25_S56_R1.fastq.gz G  -  -  -  -  -  -  -  - T  -  -  - T  -  -  -  - 
16-SWA-0033_S54_R1.fastq.gz G  -  -  -  -  -  -  -  - T  -  -  - T  -  -  -  - 
16-SWA-008_S64_R1.fastq.gz G  -  -  -  -  -  -  -  - T  -  -  - T  -  -  -  - 
16-SWA-N058_S62_R1.fastq.gz G  -  -  -  -  -  -  -  - T  -  -  - T  -  -  -  - 
16-SWA-0024_S53_R1.fastq.gz G  -  -  -  -  -  -  -  - T  -  -  - T  -  -  -  - 
17-SWA-Q031_S85_R1.fastq.gz G  -  -  -  -  -  -  -  - T  -  -  - T  -  -  -  - 
16-SWA-0023_S42_R1.fastq.gz G  -  -  -  -  -  -  -  - T  -  -  - T  -  -  -  - 
17-SWA-Q06_S33_R1.fastq.gz G  -  -  -  -  -  -  -  - T  -  -  - T  -  -  -  - 
16-SWA-N060_S86_R1.fastq.gz G  -  -  -  -  -  -  -  - T  -  -  - T  -  - A T 
SRR5585070 G  -  -  -  -  -  -  -  - T  -  -  - T  -  -  -  - 
SRR3049386 G  -  -  -  -  -  -  -  - T  -  -  - T  -  - A T 
17-SWA-Q12_S11_R1.fastq.gz  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 
16-SWA-012_S57_R1.fastq.gz  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - A T 
16-SWA-0034_S65_R1.fastq.gz  -  -  -  -  -  -  -  -  -  -  -  - C  -  -  -  -  - 
16-SWA-N057_S50_R1.fastq.gz  -  -  -  -  -  -  -  -  -  -  -  - C  -  -  -  -  - 
16-SWA-0017_S31_R1.fastq.gz  -  -  -  -  -  -  -  -  -  -  -  - C  -  -  -  -  - 
16-SWA-005_S52_R1.fastq.gz  -  -  -  -  -  -  -  -  -  -  -  - C  -  -  -  -  - 
17-SWA-Q14_S34_R1.fastq.gz  -  -  -  -  -  -  -  -  -  -  -  - C  -  -  -  -  - 
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16-SWA-004_S42_R1.fastq.gz  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 
17-SWA-Q030_S73_R1.fastq.gz  -  - T  -  -  -  -  -  -  -  -  -  -  -  -  - A T 
17-SWA-Q18_S78_R1.fastq.gz  -  - T  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 
16-SWA-N46_S32_R1.fastq.gz  -  - T  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 
16-SWA-N055_S26_R1.fastq.gz  -  - T  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 
17-SWA-Q20_S1_R1.fastq.gz  -  - T  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 
16-SWA-N45_S21_R1.fastq.gz  -  - T  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 
17-SWA-Q03_S87_R1.fastq.gz  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 
17-SWA-Q05_S22_R1.fastq.gz  -  - T  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 
16-SWA-007_S63_R1.fastq.gz  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 
16-SWA-0028_S84_R1.fastq.gz  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 
16-SWA-N43_S86_R1.fastq.gz  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 
16-SWA-006_S62_R1.fastq.gz  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 
16-SWA-0031_S32_R1.fastq.gz  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 
17-SWA-018_S31_R1.fastq.gz  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - A T 
17-SWA-019_S41_R1.fastq.gz  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 
16-SWA-0029_S10_R1.fastq.gz  -  -  -  -  -  - G  -  -  -  -  -  -  -  -  -  -  - 
16-SWA-N061_S3_R1.fastq.gz  -  -  -  -  -  - G  -  -  -  -  -  -  -  -  -  -  - 
16-SWA-N062_S15_R1.fastq.gz  -  -  -  -  -  - G  -  -  -  -  -  -  -  -  -  -  - 
16-SWA-0027_S74_R1.fastq.gz  - A  -  -  -  - G  -  -  -  -  -  -  -  -  -  -  - 
16-SWA-N063_S27_R1.fastq.gz  - A  -  -  -  - G  -  -  -  -  -  -  -  -  -  -  - 
16-SWA-N064_S39_R1.fastq.gz  - A  -  -  -  - G  -  -  -  -  -  -  -  -  -  -  - 
16-SWA-N41_S64_R1.fastq.gz  - A  -  -  -  - G  -  -  -  -  -  -  -  -  -  -  - 
16-SWA-N47_S43_R1.fastq.gz  - A  -  -  -  - G  -  -  -  -  -  -  -  -  -  -  - 
16-SWA-N49_S84_R1.fastq.gz  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 
16-SWA-003_S31_R1.fastq.gz  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 
16-SWA-002_S225_R1.fastq.gz  -  -  -  -  -  -  -  -  -  -  -  - C  -  -  -  -  - 
16-SWA-N065_S51_R1.fastq.gz  -  -  -  -  -  -  -  -  -  -  -  - C  -  -  -  -  - 
16-SWA-N066_S63_R1.fastq.gz  -  -  -  -  -  -  -  -  -  -  -  - C  -  -  -  -  - 
17-SWA-Q27_S78_R1.fastq.gz  -  -  -  -  -  -  - T  -  -  -  -  -  - T  -  -  - 
17-SWA-Q29_S13_R1.fastq.gz  -  -  -  -  -  -  - T  -  -  -  -  -  - T  -  -  - 
17-SWA-Q28_S2_R1.fastq.gz  -  -  -  -  -  -  - T  -  -  -  -  -  - T  - A T 
17-SWA-Q23_S34_R1.fastq.gz  -  -  -  -  -  -  - T  -  -  -  -  -  - T  -  -  - 
16-SWA-0030_S21_R1.fastq.gz  -  -  - A  -  -  -  - T  - A A  -  -  -  -  -  - 
16-SWA-N37_S20_R1.fastq.gz  -  -  - A  -  -  -  - T  - A A  -  -  -  -  -  - 
16-SWA-0035_S82_R1.fastq.gz  -  -  - A  -  -  -  - T  - A A  -  -  -  - A T 
16-SWA-0016R_S201_R1  -  -  - A  -  -  -  - T  - A A  -  -  -  -  -  - 
17-SWA-Q22_S23_R1.fastq.gz  -  -  - A  -  -  -  - T  - A A  -  -  -  -  -  - 
16-SWA-N38_S31_R1.fastq.gz  -  -  -  -  -  -  -  - T  - A A  -  -  -  - A T 
17-SWA-Q24_S45_R1.fastq.gz  -  -  -  - T T  -  - T  -  -  -  -  -  - T  -  - 
17-SWA-Q17_S67_R1.fastq.gz  -  -  -  - T T  -  - T  -  -  -  -  -  - T  -  - 
17-SWA-025_S61_R1.fastq.gz  -  -  -  - T T  -  - T  -  -  -  -  -  - T  -  - 
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16-SWA-001_S63_R1.fastq.gz  -  -  -  - T T  -  - T  -  -  -  -  -  - T  -  - 
17-SWA-Q04_S10_R1.fastq.gz  -  -  -  - T T  -  - T  -  -  -  -  -  - T A T 
16-SWA-010_S28_R1.fastq.gz  -  -  -  - T T  -  - T  -  -  -  -  -  - T A T 
16-SWA-0026_S64_R1.fastq.gz  -  -  -  - T T  -  - T  -  -  -  -  -  - T  -  - 
16-SWA-N50_S8_R1.fastq.gz  -  -  -  - T T  -  - T  -  -  -  -  -  - T  -  - 
17-SWA-Q10_S77_R1.fastq.gz  -  -  -  - T T  -  - T  -  -  -  -  -  - T  -  - 
16-SWA-014_S16_R1.fastq.gz  -  -  -  - T T  -  - T  -  -  -  -  -  - T  -  - 
16-SWA-N52_S30_R1.fastq.gz  -  -  -  - T T  -  - T  -  -  -  -  -  - T  -  - 
17-SWA-022_S51_R1.fastq.gz  -  -  -  - T T  -  - T  -  -  -  -  -  - T  -  - 
16-SWA-N39_S42_R1.fastq.gz  -  -  -  - T T  -  - T  -  -  -  -  -  - T  -  - 
16-SWA-N054_S14_R1.fastq.gz  -  -  -  - T T  -  - T  -  -  -  -  -  - T  -  - 
17-SWA-Q21_S12_R1.fastq.gz  -  -  -  - T T  -  - T  -  -  -  -  -  - T  -  - 
17-SWA-Q01_S65_R1.fastq.gz  -  -  -  - T T  -  - T  -  -  -  -  -  - T  -  - 
16-SWA-015_S23_R1.fastq.gz  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - A T 
16-SWA-N44_S9_R1.fastq.gz  -  -  -  -  -  - G  -  -  -  -  -  -  -  -  -  -  - 
16-SWA-N48_S54_R1.fastq.gz  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - A T 
16-SWA-009_S18_R1.fastq.gz  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  -  - 
16-SWA-011_S38_R1.fastq.gz G  -  -  -  -  -  -  -  - T  -  -  - T  -  -  -  - 
SRR1646371  - A  -  -  -  - G  -  -  -  -  -  -  -  -  -  -  - 
SRR1959430  - A  -  -  -  - G  -  -  -  -  -  -  -  - A  -  - 
SRR3322140  - A  -  -  -  - G  -  -  -  -  -  -  -  - A  -  - 
SRR1967707  - A  -  -  -  - G  -  -  -  -  -  -  -  -  -  -  - 
SRR1967264  - A  -  -  -  - G  -  -  -  -  -  -  -  -  -  -  - 
SRR5632298  - A  -  -  -  - G  -  -  -  -  -  -  -  -  -  -  - 
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Details of genes were SNPs were observed  
Position REF ALT Type 
Ref 
AA Alt AA Gene Product 
248500 T G NS Q P yhhQ Conserved hypothetical integral inner membrane protein. Uncharacterized ACR YhhQ family COG1738 
283938 G A NA* NA* NA* gntK 
gluconate kinase 1, Thermoresistant gluconokinase, gluconate kinase 1, Gluconate kinase, carbohydrate kinase, 
thermoresistant glucokinase family, Shikimate kinase 
433414 C T NS V I yedZ 
Membrane protein YedZ, Flavocytochrome yedZ, putative sulfite oxidase subunit YedZ, Ferric reductase like 
transmembrane component 
786026 G A NS G R papD_1 
fimbrial chaperone protein StdC, Chaperone protein papD precursor, Gram-negative pili assembly chaperone, N-
terminal domain 
1267327 C T S A A acrD 
efflux pump, Acriflavine resistance protein B, Caminoglycoside/multidrug efflux system, RND transporter, 
hydrophobe/amphiphile efflux-1 (HAE1) family, AcrB/AcrD/AcrF family 
1277426 C T NS R C SBOV25411 putative periplasmic protein, Protein of unknown function (DUF1176) 
1663573 C T S T T wcaC Glycosyltransferase. putative glycosyl transferase, colanic acid biosynthesis glycosyltransferase WcaC 
1735968 G T NS R S yvqK 
ATP/cobalamin adenosyltransferase, Cob(I)yrinic acid a, c-diamide adenosyltransferase, hypothetical protein, 
Uncharacterized conserved protein, ATP:cob(I)alamin adenosyltransferase 
1884609 C T NS Q 
stop 
codon 
SEESL791_ 
009475 IrsA, Protein of unknown function (DUF1367) 
2034437 G A S E E ydiI 
ydiI hotdog fold superfamily, Esterase YdiI, acyl-CoA esterase, Uncharacterized protein, possibly involved in 
aromatic compounds catabolism, uncharacterized domain 1, Thioesterase superfamily 
2447181 G A NS A T hns 
product=DNA-binding protein h-ns, hypothetical protein, global DNA-binding transcriptional dual regulator H-NS, 
H-NS histone family 
3086281 A C NS N T kdpD 
sensor protein KdpD, Sensor protein KdpD, sensor protein KdpD, Signal transduction histidine kinase regulating 
C4-dicarboxylate transport system, phosphate regulon sensor kinase PhoR, Osmosensitive K+ channel His kinase 
sensor domain 
3167398 C T NS A V citC 
citrate lyase synthetase, [Citrate [pro-3S]-lyase] ligase, [citrate (pro-3S)-lyase] ligase, Citrate lyase ligase C-terminal 
domain 
3519795 C T NS G D wapA_6 
type IV secretion protein Rhs, Cell wall-associated polypeptide CWBP200, Uncharacterized conserved protein, YD 
repeat (two copies), RHS Repeat 
3560772 G T S V V yaeE 
ABC transporter permease, D-methionine transport system permease protein metI, DL-methionine transporter 
permease subunit, ABC-type phosphate/phosphonate transport system, permease component, phosphonate ABC 
transporter, permease protein PhnE, Binding-protein-dependent transport system inner membrane component 
3666065 C A NS  L I  aceF_2 
dihydrolipoamide acetyltransferase, Dihydrolipoyllysine-residue acetyltransferase component of pyruvate 
dehydrogenase complex, pyruvate dehydrogenase dihydrolipoyltransacetylase Acetyl/propionyl-CoA carboxylase, 
alpha subunit, dihydrolipoyllysine-residue acetyltransferase, Biotin-requiring enzyme 3666067  G T 
* No Assembly with SNP available. NS = Non-synonymous, S = Synonymous
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Appendix N. Ecological niche models 
Top 5 ranked variables in maxent model for each species. Variables are ranked by permutation importance which denotes the contribution of each variable 
to the predicted niche of the species.  The area under the curve (AUC) for each model is also given. 
Species AUC Rank 1 (%) Rank 2 (%) Rank 3 (%) Rank 4 (%) Rank 5 (%) 
Black swan (Cygnus 
atratus) 
0.701 Distance to water 
(54.9) 
Mean temp, 
coolest qtr (24.4) 
Distance to evergreen 
broadleaf forest (14.1) 
Maximum green 
vegetation fraction 
(3.9) 
Distance to 
barren/sparsely 
vegetated (1.7) 
Australian pelican 
(Pelecanus 
conspicillatus) 
0.769 Distance to water 
(46.9) 
Distance to 
urban/built env 
(38.9) 
Maximum green 
vegetation fraction (6.3) 
Mean temp, coolest qtr 
(2.9) 
Precipitation wettest 
qtr (2.1) 
Australian brush turkey 
(Alectura lathami) 
0.887 Precipitation 
wettest qtr (77.6) 
Mean temp, 
warmest qtr 
(13.6) 
Distance to croplands 
(2.6) 
Distance to water (2.2) Distance to urban/built 
env (1.9) 
Long-nosed bandicoot 
(Perameles nasuta) 
0.859 Precipitation 
wettest qtr (38) 
Distance to open 
shrub-land (24) 
Distance to 
barren/sparsely 
vegetated (13) 
Distance to permanent 
wetland (10.7) 
Mean temp, coolest qtr 
(9.9) 
Black flying fox 
(Pteropus alecto) 
0.966 Precipitation 
wettest qtr (46) 
Distance to 
croplands (18.8) 
Distance to urban/built 
env (9.4) 
Distance to water (8.8) Mean temp, coolest qtr 
(24.4) 
Grey-headed flying fox 
(Pteropus 
poliocephalus) 
0.889 Precipitation 
wettest qtr (54.7) 
Mean temp, 
coolest qtr (15.6) 
Distance to water (13) Distance to 
barren/sparsely 
vegetated (5.5) 
Distance to open shrub-
land (5.5) 
Little red flying-fox 
(Pteropus scapulatus) 
0.889 Precipitation 
wettest qtr (32) 
Distance to 
croplands (17) 
Distance to urban/built 
env (15.4) 
Distance to water (10) Mean temp, coolest qtr 
(7.5) 
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A 
 
B 
 
C 
 
D 
 
E 
 
F 
 
G  
 
 
Predicted species suitable habitat for each species identified as a host of S. Wangata. A) Black Swan 
(Cygnus atratus), B) Australian pelican (Pelecanus conspicillatus), C) Australian brush turkey 
(Alectura lathami), D) Long-nosed bandicoot (Perameles nasuta), E) Black flying fox (Pteropus 
alecto), F) Grey-headed flying fox (Pteropus poliocephalus), G) Little red flying-fox (Pteropus 
scapulatus) 
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Ecological niche model variables  
 
Mean temperature warmest quarter (Celsius) Mean temperature coolest quarter (Celsius)  Precipitation wettest quarter (mm) 
   
Precipitation driest quarter (mm) Distance to surface water (km) Distance to evergreen broadleaf forest (km) 
   
 199 
 
Distance to open shrubland (km) Distance to woody savanna (km) Distance to grassland (km) 
 
  
Distance to permanent wetland (km) Distance to Croplands (km) Distance to urban/built up (km) 
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Distance to cropland/natural vegetation mosaic 
(km) 
Distance to barren/sparsely vegetated (km) Maximum green vegetation fraction (%) 
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MODIS landcover variables  
  
 202 
Appendix O. Maps of variables used in conditional autoregressive model  
 
Landcover types over spatial extent of conditional autoregressive models 
 
 
 
 203 
Human socio-demographics variables    
Proportion of population ≤ 5 years old (%) Socioeconimic rank# Net human migration* 
   
Climate variables   
Annual precipitation (mm) Mean annual temperature (Celsius)  
  
 
# Each POA is ranked according to its socioeconomic condition relative to the rest of the country. The index is based on census data and is composed of relative 
socioeconomic advantage and disadvantage, where high rankings represent a greater relative socioeconomic advantage.  
*Net Human Migration represents the movement of people into an area minus the movement of people out of that area from 1990-2000.  
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Land cover variables   
Maximum green vegetation fraction (%) Mean distance to wetland (km) Mean distance to water (km) 
   
Sum River length (km) Proportion POA Evergreen Proportion POA Grassland 
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Proportion POA Cropland Proportion POA Urban/ Built up  Proportion POA cropland/ natural vegetation 
mosaic  
   
Proportion POA open shrubland   
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Wildlife variables   
Mean amphibian species richness^ Mean mammalian species richness^ Area suitable for Black Swan (Cygnus atratus) 
(km2) 
   
Area suitable for Australian pelican 
(Pelecanus conspicillatus) (km2) 
Area suitable for Australian brush turkey 
(Alectura lathami) (km2) 
Area suitable for Long nosed bandicoot 
(Perameles nasuta) (km2) 
   
^Species richness represents the mean number of species from each class present within each POA 
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Area suitable for Black flying fox (Pteropus 
alecto) (km2) 
Area suitable for Grey-headed flying fox 
(Pteropus poliocephalus) (km2) 
Area suitable for Little red flying fox 
(Pteropus scapulatus) (km2) 
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Appendix P. Domain specific conditional autoregressive sub-models  
 
Below are the domain-specific sub-models for the Conditional autoregressive analysis. For each 
serotype the full model, containing all significant and non-correlated variables is given. This is followed 
by the reduced models that explore the effect of each domain on the DIC. Within each domain models 
were further reduced to assess individual variables. These sub-models were then combined to explore 
how the combination of domains would affect the DIC.  Finally, the model that had all significant 
variables and the lowest DIC was taken as the final model and is given both below and in the body of 
the manuscript.  
 
S. Wangata 
 
1. Full model 
 Posterior quantities  
Variable Median (95% cred. interval) DIC 
Mean annual temperature 0.2009  (-0.0605 – 0.4454)  799.6195 
Mean distance to wetland -8.8902 (-14.7629 – -3.3288)    
Sum of river length -0.0018 (-0.0030 – -0.0008)    
Amphibian species richness 0.0778 (0.0148 – 0.1434)   
Australian brush turkey 0.0007 (0.0000 – 0.0014)  
 
Human-sociodemographic domain 
No variables significant 
 
Climate domain 
See bivariate results 
 
2. Landcover domain  
  Posterior quantities  
 Variable Median (95% cred. interval) DIC 
2.1 Mean distance to wetland -10.8656 (-16.7898 – -4.7771) 811.0187 
 Sum of river length -0.0022  (-0.0033 – -0.0011)  
 
3. Wildlife domain 
  Posterior quantities  
 Variable Median (95% cred. interval) DIC 
3.1 Amphibian species richness 0.1097 (0.0522 – 0.1826) 815.9342 
 Australian brush turkey 0.0009 (0.0001 – 0.0017)  
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4. Landcover + climate 
  Posterior quantities  
 Variable Median (95% cred. interval) DIC 
4.1 Mean annual temperature 0.2300  (-0.0027 –  0.4876) 801.2519 
 Mean distance to wetland -9.9232 (-15.5700 – -3.9882)  
 Sum of river length -0.0019 (-0.0030 – -0.0008)  
4.2 Mean annual temperature 0.3245   (0.0942 –  0.5704) 816.2425 
 Mean distance to wetland -12.2225 (-18.0920 – -6.2060)  
4.3 Mean annual temperature 0.2757   (0.0269 – 0.5658) 824.7358 
 Sum of river length -0.0023 (-0.0035 – -0.0012)  
 
5. Climate + Wildlife 
  Posterior quantities  
 Variable Median (95% cred. interval) DIC 
5.1 Mean annual temperature 0.3605   (0.0622 –  0.6393) 813.5097 
 Amphibian species richness 0.0941   (0.0373 – 0.1668)  
 Australian brush turkey 0.0008   (0.0001 – 0.0015)  
5.2 Mean annual temperature 0.3528   (0.0984   0.6282) 820.8328 
 Amphibian species richness 0.1054   (0.0423 – 0.1775)  
5.3 Mean annual temperature 0.3945   (0.1504  – 0.6835) 823.5476 
 Australian brush turkey 0.0009   (0.0002 –  0.0017)  
 
6. Landcover + Wildlife 
  Posterior quantities  
 Variable Median (95% cred. interval) DIC 
6.1 Mean distance to wetland -9.5623 (-15.8119 – -3.7629) 806.0956 
 Sum of river length -0.0020  (-0.0033 – -0.0010)  
 Amphibian species richness 0.0902   (0.0312 – 0.1571)  
 Australian brush turkey 0.0006   (0.0000 – 0.0013)  
6.2 Mean distance to wetland -10.5031 (-17.0306 – -3.9392) 801.0418 
 Sum of river length -0.0021  (-0.0031 – -0.0009)  
 Amphibian species richness 0.0930   (0.0410 – 0.1576)  
6.3 Mean distance to wetland -11.0894 (-16.9189 – -4.3806) 816.0981 
 Sum of river length -0.0021  (-0.0032 – -0.0010)  
 Australian brush turkey 0.0007   (0.0001 – 0.0014)  
6.4 Mean distance to wetland -13.7419 (-20.2623 – -6.9419) 786.8185 
 Amphibian species richness 0.0983  (0.0401 – 0.1544)  
 Australian brush turkey 0.0007  (0.0000 – 0.0014)  
6.5 Sum of river length -0.0026 (-0.0039 – -0.0014) 805.7013 
 Amphibian species richness 0.0952  (0.0351 – 0.1591)  
 Australian brush turkey 0.0007 (0.0001 – 0.0015)  
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6.6 Mean distance to wetland -13.5089 (-19.9118 – -7.2492) 805.6895 
 Amphibian species richness 0.1066   (0.0457 – 0.1740)  
 
7. Climate + Landcover + Wildlife 
  Posterior quantities  
 Variable Median (95% cred. interval) DIC 
7.1 Mean annual temperature 0.2864   (0.0489 –  0.5253) 806.8854 
 Mean distance to wetland -11.1847 (-17.2228 – -4.9055)  
 Amphibian species richness 0.0859  (0.0243 – 0.1513)  
 Australian brush turkey 0.0007  (0.0000 – 0.0014)  
7.2 Mean annual temperature 0.1811  (-0.0300 – 0.4302) 795.9482 
 Mean distance to wetland -9.6289 (-15.6428 – -3.6578)  
 Sum of river length -0.0018  (-0.0029 – -0.0007)  
 Amphibian species richness 0.0809  (0.0240 – 0.1447)  
7.3 Mean annual temperature 0.2699   (0.0133 – 0.5179) 786.4311 
 Mean distance to wetland -12.0533 (-18.0235 – -6.2444)  
 Amphibian species richness 0.0910  (0.0330 – 0.1589)  
 
Final model 
  Posterior quantities  
 Variable Median (95% cred. interval) DIC 
 Mean annual temperature 0.2699   (0.0133 – 0.5179) 786.4311 
 Mean distance to wetland -12.0533 (-18.0235 – -6.2444)  
 Amphibian species richness 0.0910  (0.0330 – 0.1589)  
 
  
 211 
S. Typhimurium 
 
1. Full model 
 Posterior quantities  
Variable Median (95% cred. interval) DIC 
Proportion < 5 years old 0.0715  (0.0284 – 0.1092) 3063.534 
Annual precipitation  0.0023  (0.0017 – 0.0028)  
Mean annual temperature 0.0870  (0.0117 –  0.1729)  
Sum of river length -0.0004 (-0.0007 – -0.0002)  
Proportion POA evergreen -1.3179 (-1.7987 – -0.8588)  
Proportion POA grassland -0.5045 (-1.2746 – 0.3537)  
Proportion POA urban/built 0.9014  (0.5607 – 1.2603)  
Amphibian species richness 0.0068 (-0.0101 – 0.0254)  
 
 
Human-sociodemographic domain 
See bivariate results 
 
 
2. Climate domain  
  Posterior quantities  
 Variable Median (95% cred. interval) DIC 
2.1 Annual precipitation  0.0014   (0.0008 – 0.0020) 3082.056 
 Mean annual temperature 0.2681   (0.1875 –  0.3434)  
 
 
3. Landcover domain  
  Posterior quantities  
 Variable Median (95% cred. interval) DIC 
3.1 Sum of river length -0.0008 (-0.0011 – -0.0005) 3074.483 
 Proportion POA evergreen -0.9729 (-1.3417 – -0.5570)  
 Proportion POA grassland -1.0957 (-1.7902 – -0.3229)  
 Proportion POA urban/built 0.9368  (0.5258 – 1.3202)  
3.2 Sum of river length -0.0008 (-0.0011 – -0.0006) 3076.427 
 Proportion POA evergreen -0.6699 (-1.0146 – -0.2740)  
 Proportion POA urban/built 1.2603  (0.9478 – 1.5980)  
3.3 Sum of river length -0.0009 (-0.0012 – -0.0006) 3084.84 
 Proportion POA grassland -0.1595 (-0.8128 – 0.4841)  
 Proportion POA urban/built 1.5428  (1.1637 – 1.8914)  
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3.4 Proportion POA evergreen -1.0535 (-1.4948 – -0.5802) 3079.868 
 Proportion POA grassland -1.3035 (-2.2374 – -0.5089)  
 Proportion POA urban/built 0.9130  (0.4577 – 1.3403)  
3.5 Sum of river length -0.0007 (-0.0011 – -0.0005) 3076.218 
 Proportion POA evergreen -1.5732 (-1.9066 – -1.2376)  
 Proportion POA grassland -2.2271 (-2.8526 – -1.6140)  
 
 
Wildlife domain  
See bivariate results 
 
 
4. Climate + Human  
  Posterior quantities  
 Variable Median (95% cred. interval) DIC 
4.1 Proportion < 5 years old 0.0913  (0.0294 – 0.1432) 3078.82 
 Annual precipitation  0.0015  (0.0009 – 0.0020)  
 Mean annual temperature 0.2503  (0.1760 – 0.3243)  
4.2 Proportion < 5 years old 0.1121  (0.0620 – 0.1724) 3081.815 
 Annual precipitation 0.0017  (0.0012 – 0.0022)  
4.3 Proportion < 5 years old 0.0742  (0.0272 – 0.1336) 3079.043 
 Mean annual temperature 0.2855  (0.2075 – 0.3699)  
 
 
5. Human + Landcover  
  Posterior quantities  
 Variable Median (95% cred. interval) DIC 
5.1 Proportion < 5 years old 0.0569  (0.0100 – 0.1009) 3072.319 
 Sum of river length -0.0008 (-0.0011 – -0.0005)  
 Proportion POA evergreen -0.9558 (-1.3806 – -0.4910)  
 Proportion POA grassland -1.0761 (-1.9881 – -0.2636)  
 Proportion POA urban/built 0.9092  (0.4700 – 1.3533)  
 
 
6. Human + Wildlife  
  Posterior quantities  
 Variable Median (95% cred. interval) DIC 
6.1 Proportion < 5 years old 0.0902  (0.0415 – 0.1496) 3085.282 
 Amphibian species richness 0.0273  (0.0095 – 0.0485)  
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7. Climate + Landcover 
  Posterior quantities  
 Variable Median (95% cred. interval) DIC 
7.1 Annual precipitation  0.0022  (0.0017 – 0.0026) 3066.745 
 Mean annual temperature 0.1003  (0.0252 –  0.1826)  
 Sum of river length -0.0005 (-0.0008 – -0.0002)  
 Proportion POA evergreen -1.3147 (-1.8147 – -0.8555)  
 Proportion POA grassland -0.4871 (-1.4051 – 0.3409)  
 Proportion POA urban/built 0.9173  (0.4800 – 1.2632)  
7.2 Annual precipitation  0.0021  (0.0017 – 0.0026) 3068.909 
 Mean annual temperature 0.1186  (0.0592 – 0.1901)  
 Sum of river length -0.0005 (-0.0008 – -0.0002)  
 Proportion POA evergreen -1.1637 (-1.5109 – -0.7697)  
 Proportion POA urban/built 1.0467  (0.7721 – 1.3718)  
 
 
8. Climate + Wildlife  
  Posterior quantities  
 Variable Median (95% cred. interval) DIC 
8.1 Annual precipitation  0.0013  (0.0007 – 0.0020) 3081.748 
 Mean annual temperature 0.2556  (0.1822 – 0.3423)  
 Amphibian species richness 0.0134  (-0.0053 – 0.0305)  
8.2 Annual precipitation 0.0014  (0.0009 – 0.0020) 3085.795 
 Amphibian species richness 0.0215  (0.0013 – 0.0404)  
8.3 Mean annual temperature 0.2759  (0.2019 – 0.3757) 3083.57 
 Amphibian species richness 0.0202   (0.0026 – 0.0399)  
 
 
9. Landcover + Wildlife 
  Posterior quantities  
 Variable Median (95% cred. interval) DIC 
9.1 Sum of river length -0.0008 (-0.0011 – -0.0005) 3075.539 
 Proportion POA evergreen -1.0245 (-1.4212 – -0.6055)  
 Proportion POA grassland -1.2152 (-2.0701 – -0.5107)  
 Proportion POA urban/built 0.8657  (0.4711 – 1.2913)  
 Amphibian species richness 0.0182  (0.0004 – 0.0367)  
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10. Human + Climate + Landcover  
  Posterior quantities  
 Variable Median (95% cred. interval) DIC 
 Proportion < 5 years old 0.0703  (0.0270 – 0.1076) 3062.659 
10.1 Annual precipitation  0.0023  (0.0017 – 0.0028)  
 Mean annual temperature 0.0916  (0.0201 – 0.1620)  
 Sum of river length -0.0005 (-0.0007 – -0.0002)  
 Proportion POA evergreen -1.3053 (-1.7673 – -0.8342)  
 Proportion POA grassland -0.4289 (-1.2462 – 0.4048)  
 Proportion POA urban/built 0.9069  (0.5247 – 1.2360)  
10.2 Proportion < 5 years old 0.0709  (0.0249 – 0.1183) 3063.049 
 Annual precipitation  0.0022  (0.0017 – 0.0028)  
 Mean annual temperature 0.1063  (0.0333 – 0.1697)  
 Sum of river length -0.0005 (-0.0008 – -0.0002)  
 Proportion POA evergreen -1.1743 (-1.5099 – -0.8058)  
 Proportion POA urban/built 0.9972  (0.7170 – 1.2822)  
 
 
11. Climate + Landcover + Wildlife 
  Posterior quantities  
 Variable Median (95% cred. interval) DIC 
11.1 Annual precipitation  0.0021  (0.0016 – 0.0025) 3068.254 
 Mean annual temperature 0.0990  (0.0183 –  0.1751)  
 Sum of river length -0.0005 (-0.0007 – -0.0002)  
 Proportion POA evergreen -1.3262 (-1.8582 – -0.8607)  
 Proportion POA grassland -0.5729 (-1.5148 – 0.4075)  
 Proportion POA urban/built 0.9134  (0.4872 – 1.3361)  
 Amphibian species richness 0.0078 (-0.0088 – 0.0255)  
 
 
12. Human + Landcover + Wildlife 
  Posterior quantities  
 Variable Median (95% cred. interval) DIC 
12.1 Proportion < 5 years old 0.0551  (0.0039 – 0.1078) 3066.722 
 Sum of river length -0.0008 (-0.0011 – -0.0005)  
 Proportion POA evergreen -1.0889 (-1.6441 – -0.6712)  
 Proportion POA grassland -1.3171 (-2.1744 – -0.5849)  
 Proportion POA urban/built 0.7337  (0.2832 – 1.1131)  
 Amphibian species richness 0.0183 (-0.0001 – 0.0376)  
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13. Human + Climate + Wildlife 
  Posterior quantities  
 Variable Median (95% cred. interval) DIC 
13.1 Proportion < 5 years old 0.0935   (0.0378 – 0.1510) 3076.882 
 Annual precipitation  0.0014   (0.0009 – 0.0020)  
 Mean annual temperature 0.2500   (0.1610 – 0.3451)  
 Amphibian species richness 0.0101  (-0.0088 – 0.0301)  
 
 
Final Model  
  Posterior quantities  
 Variable Median (95% cred. interval) DIC 
 Proportion < 5 years old 0.0709  (0.0249 – 0.1183) 3063.049 
 Annual precipitation  0.0022  (0.0017 – 0.0028)  
 Mean annual temperature 0.1063  (0.0333 – 0.1697)  
 Sum of river length -0.0005 (-0.0008 – -0.0002)  
 Proportion POA evergreen -1.1743 (-1.5099 – -0.8058)  
 Proportion POA urban/built 0.9972  (0.7170 – 1.2822)  
 
 
